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Abstract
This portfolio of work presents an investigation of some of the factors influencing the service 
life and performance of cast iron potable water pipes (trunk mains) in order to inform the 
management of such important assets.
A literature review was carried out in order to clarify the direction of the investigation. This 
covered the metallurgy of cast irons, mechanical properties and corrosion behaviour, as these 
are all important parameters to consider in the context of the performance of cast iron pipes in 
service. From the review, it was concluded that a better understanding of microstructure 
property relationships was required, in particular with regard to fracture and fatigue behaviour 
and the performance in a corrosive environment. Hence lines of research were developed to 
investigate these phenomena, using cast iron material sourced from nine, ex-service, trunk 
mains all of which had experienced some degree of in-service corrosion. The nine pipes were 
considered to represent reasonable samples of the types and ages of trunk main that are still in 
service in the Thames Water region.
In the course of the microstructural work, the composition and metallurgy of the nine cast 
irons (proportions of ferrite, pearlite, graphite and eutectic present) were examined using a 
range of techniques and the graphite morphologies were characterised in accordance with 
ASTM standards. The sample set showed a wide range of microstructures, in particular the 
pearlite content ranged from 13% to 80%. A variety of flake and rosette graphite 
morphologies was revealed.
With regard to the mechanical properties, a detailed investigation of the fracture and fatigue 
behaviour has been carried out using a Single-Edge-Notch Bend geometry. Fracture 
toughness values in the range of 15 to 25 MN/m^^  ^ were measured, with the higher values 
corresponding to higher pearlite content. Fatigue crack growth was investigated using crack 
propagation gauges and the Paris relation parameters were determined for a representative set 
of materials. Calculations of fatigue life based on the integration of the Paris law were then 
carried out and compared with previously published data for samples from cast iron 
distribution mains. Based on the results, it is suggested that fatigue crack growth in isolation 
may not be a major contributory factor to the failure of pipes in service.
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Hamed Mohebbi__________________________________________   Abstract
The corrosion behaviour of a number of cast irons in environments (aerated water, static water 
and a salt solution) representative of a range of service conditions was also investigated. The 
corrosion rates and associated mechanisms were influenced by environment and cast iron 
microstructure. The measured corrosion rates were in the range 0.07 to 0.7 mm/year. It is 
suggested that pipes with pearlitic microstructure and rosette graphite morphology are more 
susceptible to corrosion. Over decades in service these corrosion rates will lead to significant 
loss of section and have implications for mechanical performance and, as a consequence, asset 
management.
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Chapter 1 Introduction
1.1 Development of cast iron and its role in the water industry
Iron is believed to be one of the most abundant elements in the Earth’s crust (Lide 1996). The 
discovery of iron in about 1500 BC is arguably one of the most signifieant steps toward the 
development of metallurgy. Up to the 6* century BC, the use of iron ores was confined 
within very basic domestic application such as pots and cauldrons as there was no means of 
heating iron ores up to the melting temperature for easting purposes. In the 6^ eentury BC the 
Chinese provided the reducing environment and 1550 °C temperature required for the melting 
of iron for casting process (Needham and Tsien 1986). These fumaees allowed the first 
produetion of cast iron in the world to be made in 512 BC (Overy 2004).
Following the diseovery in the 6^  ^ century BC that steel eould be made by heating the iron 
with charcoal (being the source of earbon transformation to iron via a carbon dioxide 
reduetion proeess), iron found its way into peoples' daily lives. Gradually iron objects 
replaced those manufaetured fi*om bronze. Iron started to be used in many applications and in 
particular for making small agricultural tools such as sickle and scythe and weapons such as 
swords and spearheads. From 512 BC till 1710 AD, further widespread use of cast iron was 
restricted by the high running cost of furnaces for the melting proeesses (Temple 2007).
In 1710 AD with the discovery of coke as an économie alternative fuel to ehareoal, the 
industrial revolution took plaee. Within few years, cast iron found its place in industry on a 
wide seale and eould be seen in many structural applications such as buildings and bridges, 
ete. Good meehanieal properties (e.g. good tensile strength for materials of 150 years ago) 
and eeonomic eost of produetion were amongst many advantages that promoted the extensive 
use of east iron. Following the development of east iron and the start of the industrial 
revolution, cast iron replaced predecessor materials in industries of all types. In the light of 
this, the water industry eonsidered cast iron an appropriate material for the pipe network, 
replacing the old lead and in some eases elay and wood pipes. Previously the industry had 
experieneed signifieant failures, because the materials used, sueh as clay, wood, and tin alloy, 
were inevitably prone to deterioration, and henee east iron was believed to be the solution.
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Cast iron pipes were first introdueed in London by the Chelsea Water Company in 1746. 
They have been used in the water industry ever sinee, with developments in alloy type and 
proeessing route over the years, until recent times, when east iron distribution mains are 
starting to be phased out by the introduetion of the polyethylene pipes. The late 18^  ^ and 
early 19^  ^century was an era of considerable industrial aetivity for the production of cast iron 
pipes. Cities continued to install water work and sewage systems at a rapid pace (Clark 
1952).
In the late 18^  ^ eentury with the advent of metallography the classification of the different 
types of materials based upon microstructure beeame possible. For east iron that had been 
elassified previously based on its fi*aeture type (white or grey), there was now a revolutionary 
set of classifieations based on the features such as the matrix strueture and the graphite flake 
type. Taking advantage of these developments in metallurgy, the water industry was faeed 
with the ehallenge of designing and controlling processing routes that produeed a partieular 
east iron microstrueture with a eorresponding set of mechanical properties.
By the middle of the 20* century the manufaeture of cast iron pipes had seen a significant 
development in the preferred production method, moving from the crude horizontal and 
vertical pit-cast pipes to spun cast. The availability of duetile iron from 1948 was a further 
development of benefit to the water industry. Compared to the conventional grey cast iron 
the ductile nature of duetile east iron pipes (as the name suggests) provided a better strain 
eapaeity, and associated with this, an improvement in other engineering properties sueh as 
strength and impaet resistance.
As a direet consequence of these developments and the diversity in produetion quality, the 
existing water distribution network eomprise of a range of pipes in terms of materials type, 
age, diameters and wall thicknesses, which can get as mueh as 75% less for a similar pressure 
and diameter pipe (Figure 1) (Spickelmire 2003).
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Figure 1.1 Historical reference for the reduction in the wall thickness of cast iron (Cl) and ductile iron (DI) pipe used in the US water
network, (Spickelmire 2003)
1.2. The problem facing the water industry
More and more throughout the world, there are eoneems expressed regarding the percentage 
of the drinkable water lost through the in-serviee distribution network. Apart from the public 
awareness that expresses coneem regarding the amount of drinking water that is being lost, 
there is eonsiderable disruption for the general publie every time a major failure in the 
network oecurs. The losses and disruptions are partieularly high when dealing with a failure 
event in urban areas.
In the United Kingdom eontext, when considering the way that water is delivered to homes, it 
is eonvenient to distinguish between the trunk mains network and the distribution mains 
network. Trunk mains are large diameter pipes which take water from reservoirs to major 
settlements and then smaller diameter distribution mains carry the water to individual 
properties. In the region eovered by Thames Water Utilities Ltd in London and the South 
East of England, the extent of these assets'is eonsiderable. There are some 6000 km of trunk 
mains (defined as pipes of greater than 12 inehes in diameter), eonsist of 2900 km in London 
and 3100 km in the provinees. There are about 35,000 km of distribution mains (typieally 
between 3 to 12 inehes in diameter), eonsist of 20,000 km in London and 15,000 km in the 
Thames 'Valley.
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As indicated already, the UK water distribution network (and the Thames region in particular) 
is predominantly comprised of aging east iron inffastrueture network, whieh is believed to be 
deteriorating (Reid and Assoe 1934; Yamamoto et al. 1985; Rajani and Makar 2000; 
Atkinson et al. 2002) so that parts of it are not able (or will soon not be able) to funetion 
under the service conditions. In terms of developing a rehabilitation or replaeement strategy 
for the industry, it is important not only to understand the mechanisms by which a pipe can 
fail, but also to use this understanding eventually to help inform the development of tools for 
asset management. The problem is a very complex one with different types of east iron pipe 
(for the most part put into serviee at various times in the past 150 years or so) subjeet to 
different soil eonditions and loading regimes and the diversity in the produetion quality of the 
pipes over the last 150 years.
The consequenee of distribution mains and trunk mains failures are rather different. A large 
amount of water is lost through leaking distribution mains each year and failure ean cause 
considerable ineonvenienee. When a trunk main fails, however, the event is on a different 
scale, with the potential for major flooding and even loss of life is a possibility. It is reported 
that just in the Thames Water region east iron trunk main failure exeeeds over 100 events per 
year, events whieh are costly for the industry to handle in terms of soeial, eapital and 
environment (Priekett et al. 2001).
Therefore, for the water industry the ability to prediet a situation in whieh a eatastrophic 
failure, a trunk main failure, may occur is of great importance. This requires an 
understanding of the meehanism by which these failures oeeur, as well as the faetors 
aeeelerating the process. Sueh knowledge eould be used for the further assessment and 
evaluation of the eondition of in serviee pipes for the targeted replaeement in order to 
optimise the efficiency of the operation.
Previous work at Surrey and elsewhere (Smart and Ward 1999; Rajani and Makar 2000; 
Atkinson et al. 2002; Melehers 2005) has foeussed on understanding distribution mains 
failure and developing eondition assessment techniques. The present work is coneemed with 
looking at trunk mains, drawing on the distribution work as appropriate -  in partieular the 
existing material property data will be an important referenee point.
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Based on examination of service failures of trunk mains, there are several theories that 
explain the deterioration meehanism of buried pipelines. There are two prineipal hypotheses 
that have been formulated in the industry with regard to the eireumstanees surrounding 
failure.
One hypothesis is that pipes lose their integrity as a result of natural aging through 
degradation (corrosion), hence leaving a weakened strueture with a strength less than that 
required to withstand the normal loads experieneed in service.
The seeond hypothesis suggests that failure oeeurs as the result of the initiation and 
subsequent propagation of a sub- eritical craek/craek-like defeets to a size from which it 
grows catastrophically.
If the seeond hypothesis is true and pipes do fail as a result of propagation of eraek-like 
defects, hence any information regarding the range of defeets that is likely to be seen in in- 
serviee pipes is of particular importance. Broadly speaking these defeets can be divided in 
three categories:
• Ab initio defects
Defects that typically may, or may not, grow under serviee loading sueh as material 
and manufacturing defects present in the pipe at the point it is laid in the ground.
• Time-independent defects
Defects that can occur at any time and may or may not become worse during 
operations such as defects which are generated during installation, maintenanee, 
operation e. g. water hammer, or third parties repair.
• Time-dependent defects
Defeets that are expeeted to grow or beeome worse with time in serviee e.g. eorrosion 
pits.
Sub-eritieal craeks eould grow from eaeh of these sourees in service environment (Figurel.2).
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Figure 1.2 is the pietorial representation of the range of defeets and their eontribution to the 
failure of the pipes in the order of their importanee. In the left hand side of the picture sit the 
ah initio defects, which are presented by smaller circles, and the time-independent defects, 
those generated by third party maintenanee, while on the right hand side of the picture are 
time-dependent defects, which are presented by larger circles.
Failure
Figure 1.2 Swiss cheese model of pipes failure show ing accident results from active, operational error of individual and latent 
condition within the system, based on Reasons Swiss cheese model (Reason 1990)
Amongst these time-dependent defeets eorrosion pits are the most prominent. Corrosion pits 
in cast iron pipe can initiates through an existing structure or material inherent defect (e. g. 
inclusions) and become worse in time as the pipe ages and compromising the ability of a pipe 
to withstand the service loading. Hence size, shape, and population of the defects can 
potentially be a good indicator of the likely performance of the pipes under service loading.
The failure of in-serviee pipes is the result of complex interactions of various mechanisms 
that occur within and around pipes. Types of loading that lead to the generation of stresses in 
both axial and hoop direction in pipes include (Rajani et al. 2001; Najafi and Gokhale 2005):
1. Internal pressure above, or below, atmospheric
2. Earth load and traffic load
3. Stresses due to seasonal change/temperature fluctuation
Hamed Mohebbi Chapter 1. Introduction
4. Frost load
5. Load due to the weight of the water
6. Flexure bending due to inadequate bending support
In-service pipes, to some extent, experience all of the above outlined forces (Figure 1.3). 
These forces can lead to failure in pipes in particular where the structural integrity has been 
compromised by the existence of defects e.g. corrosion pits.
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Figure U  Schematic of pipe interactions with the surrounding leading to failure, after (Najafi and Gokhale 2005)
These failures can be classified as circumferential or longitudinal. It is believed that the 
circumferential cracking is a consequence of bending stress, where the bedding supporting of 
the pipe has been depleted over the time in service, while longitudinal cracking is mainly a 
consequence of pressure surge or point load as applied by poor bedding.
1.3. Aims of the study
The aim of this work is to develop an understanding of condition of cast iron trunk mains, 
with a view to informing asset life models to be developed by Collaborators working in 
parallel to this project.
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In order to understand the failure of cast iron in service pipes, the response to environment 
and load over time has to be understood. The response will in turn depend upon the 
microstrueture of the cast iron pipes. On the basis of this, the major lines of work considered 
in this thesis are as follows:
1. Characterisation of the microstrueture of cast iron pipe material taken from previously 
in-service pipes, including compositional analysis and graphite flake morphology, 
together with any variation through wall thickness and an appraisal of casting defects.
2. Characterisation of fracture properties such as fracture toughness and fatigue crack 
growth behaviour, as this will inform the load conditions necessary to cause crack 
growth in service.
3. Corrosion study of grey cast iron to identify the mechanism by which a cast iron pipe 
corrodes in environments representative of in-service condition.
The results from these investigations, individually and as a whole, are aimed at supporting the 
development of a sound quantitative understanding of the failure modes and mechanisms that 
are likely to be seen in service and to develop a methodology by which the significance of the 
roles played by each factor causing the failure of the pipe can be identified. Ultimately, 
understanding the key processes by which a pipe fails in the service condition will help enable 
the water industry to run the network rehabilitation process more efficiently, as action and 
cost can be focused, and targeted in the areas that any developed methodology identifies as 
potentially critical.
1.4 The structure of the thesis
This thesis has been divided in to seven chapters of which this Introduction is the first. The 
second chapter is the literature review, which has been sub-divided to three main technical 
areas, namely cast iron materials, their mechanical properties, and their corrosion behaviour 
and addresses separately the background information and available literature relevant to each 
area. Chapter 3 describes material and sample preparation techniques and then proceeds with 
the experimental procedure and methodology developed for the experiments. Chapters 4, 5
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and 6 present the results obtained from the experiments and proceed with discussion for each. 
Chapter 4 deals with the microstructure characterisation of the pipes material. Chapter 5 
focuses on fracture and fatigue behaviour of samples from the pipes. Chapter 6 presents the 
corrosion behaviour of the different type of cast iron pipes. Finally Chapter 7 presents the 
concluding remarks and suggestion for future work.
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Chapter 2 Literature review 
2.1. Overview
As in Chapter 1, the UK distribution networks comprise predominantly of ageing east iron 
pipes which are currently being phased out by the introduction of polyethylene pipes. 
Different part of this cast iron network are believed to be deteriorating at different rates, 
which is believed to be linked to the type and quality of cast iron pipe material, load regime, 
the geology of the surrounding soil and other localised conditions. Clearly the condition of a 
pipe in-service dictates the performance of the pipe under service loading. Hence the 
emphasis of this chapter is on three technical areas that are thought to hold the key in the 
condition assessment and understanding the failure mechanism of the pipes.
The structure of this chapter is as follows. The first section focuses on the characterisation of 
the microstructures of cast iron mains. The second section reviews the fracture and fatigue 
properties of the cast iron mains. The third section reviews the corrosion behaviour of cast 
iron mains.
2.2 Metallurgy of Grey Cast Iron
2.2.1 Introduction
The term cast iron identifies a large family of ferrous alloys. Cast irons are multi-component 
ferrous alloys containing primarily of Fe, C, and Si, which solidify with a eutectic phase in 
the microstructure. A eutectic phase has a melting point which is lower than that of the 
individual ingredients (Angus 1978; Minkoff 1983). A liquid having a eutectic composition 
will freeze at a single temperature without any change in its composition. With reference to 
Figure 2.1, the iron carbon thermal equilibrium phase diagram, cast iron has a carbon content 
between 2.06 and 4.3 weight percent (Wt%). The melting point of pure iron is 1539 °C while 
the eutectic of iron and carbon, which occurs with the carbon content of 4.2-4.3% in iron, 
melts at 1147 °C (Figure 2.1).
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Figure 2.1 Fe-Gr diagram shows the expected phases for different carbon content (Reed-Hill 1964).
Because of the high carbon content, cast iron exhibits a carbon rich phase on solidification. 
This carbon rich phase can solidify in a thermodynamically stable or meta-stable way 
depending on factors such as; cooling rate, melt treatment, and composition (Figure 2.1). 
Thermodynamically meta-stable is the term given where the system of Fe-FegC (iron-iron 
carbide) is formed. Thermodynamically stable on the other hand, is when Fe-Gr (iron- 
graphite) system is favoured (Abbaschian et a l 2009). This will be classified further in 
section 2.2.3. It should be noted that the equilibrium diagram in Figure 2.1 is not a diagram 
for cast iron as this does not contain the other elements such as Si. However it is helpful for 
indicative percentage of carbon and in establishing terminology
Primarily, the early classification of cast iron material was based on their fracture 
characteristics and classified in two groups, white and grey. Later on with the development 
of metallurgy other important types of cast iron such as malleable and ductile iron were 
introduced (Figure 2.2).
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Figure 2.2 Schematic of the processes for obtaining different type of cast iron (Davis 1996)
White iron: White iron is so-called because this type of iron exhibits a white crystalline 
fracture surface when it is fractured. For this type of iron, the fracture occurs along the 
interface of the iron-carbide plates (FcgC).
Grey iron: This type of iron exhibits a grey fracture surface when it is fractured because the 
fracture path runs predominately along the surface of the graphite plates present in the 
microstructure.
Malleable iron: This is a type of cast iron in which the graphite is present as irregular, 
nodular-shape instead of flakes as in grey iron. It is produced by first casting a white iron 
then heat treating it in such a way that the iron carbide transforms to irregularly shaped
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graphite (Figure 2.2). As this form of graphite is formed in the solid state during the heat 
treatment it is also known by the term temper graphite. Because of the combination of its low 
carbon metallic matrix and the nodular form of graphite, malleable iron possesses good 
ductility and toughness.
Ductile iron: Ductile iron is essentially a cast iron with spheroidal graphite, resulting from 
the addition of small amounts of cerium. Due to its versatility, mechanical properties and 
cost-effectiveness, ductile iron has been used extensively for the last 50 years or so. It 
literally provides the best mechanical performance in terms of strength and ductility of any of 
the materials from cast iron family. Ductile irons are preferred material over PVC, concrete, 
or steel for pipes in difficult terrain as to its ductility as well as its good strength.
With the advent of metallography a greater degree of detail to the identification of cast iron 
on microstructure has been introduced. These classifications are mainly based on graphite 
flake shape and matrix structure. The graphite flakes identified in cast iron are grouped 
according to the geometry of the flakes following solidification of the alloy. These 
categories are; Lamellar ('flake') graphite (FG), spheroidal (nodular) graphite (SO), 
compacted (vermicular) .graphite (CO), and temper graphite (TG) (Davis 1996). In the next 
section the structure of cast iron (both matrix structure and graphite flake) is considered in 
greater detail.
2,2.2 Microstructure of cast iron
2.2.2.I. Introduction
As stated in 2.2.1, cast irons are alloys of iron, carbon, and silicon. During solidiflcation of 
cast iron, the major proportion of carbon precipitates either in the form of graphite or 
cementite (iron carbide or FegC). When solidiflcation is completed there is more carbon 
present than can be retained in sold solution in austenite, which has an equilibrium carbon 
concentration of 2Wt%. Austenite, denoted by y, is face centred cubic (FCC) iron. Further 
cooling will cause the carbon concentration of the solid solution austenite to decrease and 
eventually at around 723 °C, the austenite become unstable and transforms to more cementite 
or graphite. As the cooling continues to 723 °C the eutectoid temperature transformation of
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austenite takes place (Lux et al. 1974; Higgins 1983; Minkoff 1983). At this temperature 
depending on the presences of other alloying elements, and the rate of cooling, austenite 
decomposes into cementite, ferrite, pearlite, and ledeburite\ For grey cast iron the usual 
microstructure can be a pearlitic or ferritic matrix or a mixture of them accompanied with the 
presence of cementite and some eutectic such as phosphide eutectic in which graphite flakes 
are dispersed. Hence, depending on the matrix phase composition and graphite flake shape 
and morphology the microstructure of grey cast iron can vary to yield particular physical and 
mechanical properties.
2.2.2.2 Matrix structure
As described above, the microstructure of cast iron contains a network of graphite flakes 
dispersed in a metallic matrix of phases such as ferrite, pearlite, cementite, graphite, and 
eutectic phases (Figure 2.3). These terms are defined in more detail below.
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Figure 2.3 Typical microstructures of grey cast iron, the graphite flakes are surrounded by ferrite and pearlite and the ledeburite
Ledeburite is a phase mixture of cementite and austenite and results when some molten solutions of cast iron 
solidify. Ledeburite is also transformed at the eutectoid temperature
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Ferrite, or a iron, is a single phase body centred cubic (BCC) solid solution of iron, which 
has the maximum carbon content of 0.028wt%. The amount of ferrite in the matrix tends to 
increase as:
• the cooling rate decreases
• the silicon content increase
• the graphite approaches the under-cooled^ form
Cementite, or FegC, is an intermetallic phase generally of a coarse grain size, eutectic formed 
during solidification. Cementite is the largest eutectic amongst the other eutectic forms such 
as phosphide eutectic. It is so hard and is of white colour. Cementite is also present in 
pearlite in the lamellar form.
Pearlite is a eutectoid that comprises of interleaved lamella (plates) of ferrite and cementite. 
Pearlite grows by a cooperative diffusion system between two phases a (ferrite) and B 
(cementite), with a phase being the source of carbon for the B phase and the B phase being the 
source of iron for the a phase. Formation of pearlite mostly depends on cooling rate and the 
chemical composition, which will be explained in section 2.2.4. A fully pearlite matrix can 
be obtained if the material at the austenite is cooled rapidly while a partially pearlitic matrix 
is normally characteristic of a slower cooling rate.
Phosphide eutectic occurs in cast iron with phosphorous content of more than 0.06%. The
normal form of phosphide eutectic is pseudo-binary form and consists of a solid solution of
ferrite and iron phosphide (FegP) (British Cast Iron Research 1951).
2.2.2.3 Graphite flakes
As mentioned above, the shape and the pattern of the graphite flakes is one of the key factors 
governing the physical and mechanical performance of cast iron. The flakes of graphite have 
good damping characteristics and good machinability. In applications involving wear, 
graphite is beneficial because it acts as a lubricant. However, the flakes of graphite also act as 
potential stress concentrators, leading to a relatively poor mechanical performance. For grey
 ^Undercooling is a phenomenon when a liquid maintains its liquid form below its freezing point.
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cast iron the graphite is precipitated in flake form, in one of seven types of graphite. Flake 
graphite is further sub-divided into five patterns (Figure 2.4) denoted by alphabetical letters A 
through E.(Davis 1996).
Type A graphite, or random orientation graphite flakes, is found in inoculated^ cast irons with 
a moderate cooling rate (Figure 2.4).
Type B graphite, or rosette graphite, derives its name from its rosette pattern. This type of 
graphite is found in iron of near eutectic composition and is typical of high cooling rate. This 
graphite morphology arises because the rapid cooling of the liquid provides very little time 
for graphite nuclei to grow hence, the graphite nucléation is done on the limited number of 
nucleic (Figure 2.4).
Type C graphite, or Kish graphite, is characteristic of hypereutectic iron, which has a 
chemical composition beyond eutectic point. These large flakes enhance some properties 
such as thermal shocks (as a result a higher thermal conductivity) but, on the other hand, 
decrease the strength of the iron due to its large flakes size (Figure 2.4).
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Figure 2.4 Types of graphite flakes in grey cast iron
Type D graphite flake is typical of graphite present in a eutectic, or hypoeutectic iron 
composition solidified at a high cooling rate. This type of graphite is also called randomly
 ^ Inoculation is the term given to process when a small amount of graphite promoting elements are added to the 
molten material before solidification occurs
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oriented interdendritic and is usually surrounded by a ferrite matrix resulting in a soft casting 
product (Figure 2.4).
Type E graphite, like type D, is in interdendritic form but has a preferred orientation rather 
than random orientation (Figure 2.4). This type of graphite flake is also associated with a 
high under-cooling during the solidification process. Unlike type D graphite, type E can occur 
in a pearlitic matrix as well as in ferrite matrix thus producing a casting with better wear or 
hardness properties than type D.
2.2.3 Factors influencing the structure of cast iron
As indicated in section 2.2.1, grey cast iron is a super saturated solution of carbon in iron 
matrix. The excess carbon precipitates out in the form of graphite flakes. Like any other 
engineering material, the structure of cast iron is an important aspect because its engineering 
properties are closely related to this feature. Drawing on the previous section, the structure 
and properties of cast iron are affected by number of factors. These include:
• Chemical composition
• Cooling rate at the time of the casting
• Heat treatment
Depending primarily on the above factors, solidification of cast iron will follow one of the 
following paths:
• Thermodynamically meta-stable Fe-FegC
• Thermodynamically stable Fe-Gr system
The formation of stable or meta-stable eutectic is a function of the factors mentioned above as 
well as the nucléation potential of the liquid. Chemical composition and nucléation potential 
determine the graphitisation potential. That is, a high graphitisation potential, which is a 
correct mixture of chemical composition, results in formation of an iron with graphite being 
the prominent carbon phase. Conversely a low graphitisation potential will result in 
formation of a cast iron with iron carbide as the major carbon phase. Thus, when graphite is
17
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the carbon rich phase in a cast iron, it has followed the thermodynamically stable Fe-Gr 
system while if  iron carbide is the carbon rich phase the cast iron has followed the meta­
stable Fe-FegC path (Fredriksson and Hillert 1985).
It is worth mentioning that as a considerable portion of the UK water network was installed in 
the late 19* or early 20* century, there is a good chance that some of the practices that are 
common in the production of cast iron were not applied at the time of casting of the pipes. On 
the basis of this, only the most prominent factors will be discussed here as a standard tool in 
characterisation of the microstructure of pipes material.
2.2.4. Chemical composition of grey cast iron pipes
Grey cast iron is commercially produced with a wide range of compositions. As indicated in 
section 2.2, cast irons are alloys of major (iron, carbon, and silicon), minor (manganese, 
sulphur, and phosphorous), and alloying (molybdenum, copper, nickel, vanadium, titanium, 
tin, antimony, and chromium) elements.
This review focuses on the effect of the major and minor elements (e.g. carbon, silicon, 
phosphorous, sulphur, and manganese) as they are present in a majority of cast irons.
2.2.4.1 Base chemical compositions
Carbon is the second main element present in the composition of cast iron has a significant 
influence on the strength. The concentration limit of carbon present in cast iron is 2.06-4.3 
%wt depending on the application. The majority of carbon in grey cast iron present as 
graphite, which has very little strength or hardness (Angus 1978). The relative content of 
eutectic formed during the solidification of iron with 4.3% wt carbon as 100% eutectic 
composition is indicated by carbon equivalent and obtained by (Angus 1978):
Carbon Equivalent = Total Carbon% + ( Silicon% + Phosphorous%)/3 (2.1)
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There is also another sub-classification based upon the elemental ability to influence the 
structure. That is, elements that influence graphite formation in cast iron are called graphite 
promoters (graphitisers) and the elements that stabilise carbides are called carbide stabiliser.
Sufficient and appreciable silicon content is also necessary because silicon is responsible for 
the precipitation of the graphite in the iron. 0.75-3 wt% silicon content maintains a moderate 
hardness level even in the fully annealed condition. The addition of silicon reduces the 
solubility of carbon in iron and decreases the carbon content of the eutectic. Silicon also 
imparts corrosion resistance to cast iron but impairs melt fluidity.
Manganese, sulphur, and phosphorus all have an important impact on properties of cast iron. 
Sulphur influences the solidiflcation behaviour of cast iron, therefore the amount of sulphur 
present in cast iron has to be within a limit and controlled. This is done by the addition of 
sufficient manganese content as sulphur had a tendency to chemically combine with the 
manganese to form manganese sulphide. Sulphur is not intentionally added to cast iron and it 
usually come from the coal in the casting process. Up to 0.15 wt% of sulphur promotes the 
formation of type A graphite while the amount beyond 0.17 wt% may leads to blowholes in 
sand casting.
The most common range for manganese in grey cast iron is between 0.55-0.75 wt%. The 
minimum amount of manganese content in a commercial grey cast iron can be calculated 
from (Davis 1996):
Minimum manganese content = 1.7times sulphur-H 0.3-0.5% (2.2)
The excess manganese acts as a carbide stabilizer refining the pearlite and increasing the 
hardness of the cast iron. It is important to recognize that only the combined manganese 
content is effective and promote the formation of pearlite. Some manganese also reacts with 
the excess of sulphur to form manganese sulphide, which stays as inclusion in the matrix.
The common concentration of phosphorous in cast iron is 0.15 wt%. Phosphorous in excess 
of 0.2 wt% is usually avoided as it increases porosity and inclusions and increases the 
brittleness in the cast iron, but it is deliberately used in applications such as engine heads and
19
Hamed Mohebbi _______________________ _________________Chapter 2. Literature review
pistons where pressure tightness is required. The sufficient amount of phosphorous (up to 0.2 
wt%) increases the tensile strength and fluidity of the molten material (Buchwald 2008).
2.2.5 Influence of the cooling rate
The structure and properties of cast iron are highly affected by the cooling rate during 
solidification. The cooling rate of the liquid metal in a casting depends upon the thickness of 
the molten metal in the mould. The thicker the section of molten liquid in the mould, the 
slower it will be solidify and cool down in the mould. Different cooling rate results in 
formation of different graphite flake size and distribution and hence different mechanical 
properties. At the solidification stage as the liquid solidifies the centre of the liquid tends to 
be hotter than the surface due to the fact that heat is lost fi-om the surface. This means that the 
cooling rate is lower in the interior. The slower cooling rate in the middle of a casting will 
provide the molten material with more time for solidification, resulting in nucléation 
occurring in smaller number of sites with a slow cooling rate the grains are coarser. 
Conversely at a high cooling rate more nuclei form resulting in a finer grain size (Elliott 
1988).
With regards to grey cast iron the coarser and larger graphite flakes are associated with the 
low cooling rate and the smaller flakes are associated with the faster cooling rate. Hence in a 
cast iron with a large section thickness, variation of the microstructure is expected. That is, 
on the surface of the cast as the cooling rate is high, small grains of ferrite and pearlite on a 
large scale accompanied with small graphite flake. As we go toward the middle of the 
section this structure will gradually change to a structure with large grains on a smaller scale 
accompanied with a coarser graphite flake (Llewellyn 1994).
For grey cast iron there are two particularly important periods of cooling, the initial period of 
solidification in the region of 1130-1250 °C, during which graphite forms, and the period 
covering the austenitic change point in the region of 650-720 °C which largely determines the 
character of the matrix (Abbaschian et a l 2009).
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2.2.6 Influence of the section size
The properties of cast irons are sensitive to the section size. As the section size increases the 
solidification rate decreases which results in an increase in the grain size and graphite flake 
size. This will have the effect of decreasing some mechanical properties of east iron such as 
strength. Figure 2.5 shows the effect of section size on the performance of the different 
classes of east iron.
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Figure 2.5 Effect of section thickness on the tensile strength of cast iron of different grade (Watson and Opra 1981)
From Figure 2.5 it is seen that the strength of east iron within the same class is reduced as the 
section increases as so the mierostrueture within the wall thickness changes. In the ease of 
east iron water pipe, the design for a given application is mostly dominated by the minimum 
thickness required. As the cooling rate is the predominant factor influencing the 
mierostrueture within the pipe wall, the production method is an important factor in 
influencing the cooling rate. Employing a suitable production method can lead to the 
formation of a matrix mierostrueture which has the desired size and distribution of grains.
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2.2.7 Cast iron pipe production methods
One of the reasons that cast iron was so popular in the foundries was its ease of casting. As a 
result of the low pouring temperature compared to other ferrous metals, and the relatively low 
investment costs, cast iron remained a widely used material for many years -  even as recently 
as 1967 the worldwide production of east iron was about 14 million ton (Ochshom 2006). 
Basically there are two main production routes for cast iron pipes, namely pit or sand casting 
and spun casting.
Pit casting was the early method for manufacturing of east iron pipes and was developed in 
the late 19* century. Originally the molten iron was poured into horizontal moulds to 
produce a sound cast. In doing so, it was found that the slag would accumulate along the 
upper chord of the mould leaving the east with a lower strength at the top and hence a lower 
overall strength. To circumvent this problem the pipes were cast in a vertical mould placed in 
pits.
For pit casting, molten iron should have good fluidity and this was achieved by the addition 
of 1.5wt% of phosphorous (as explained in section 2.2.4.1). This addition of phosphorous 
provided the molten iron with the desired fluidity but led to an extremely brittle final product. 
The pipe produced of this type had an average length of 3.6 m (12 feet) in vertical casting and 
shorter in horizontal casting (Koelble and Hogan 1976).
Spun cast pipes are produced by spinning the mould in order to get an evenly dispersed 
molten iron content throughout the east. This method also had the advantage of a much faster 
cooling rate producing a more refined gain size and mierostrueture. From the early 20* 
century this method replaced the old pit casting method overcoming some of the issues 
involved with the pit casting such as brittleness caused by the addition of phosphorous. This 
was mostly done by reducing the amount of phosphorous to 0.15 wt% as the addition of 
phosphorous in amount of more than 0.2 wt% increases the brittleness and induces internal 
porosity. The other advantage of employing this method was obtaining a uniform thickness 
as in this method the liquid is spread in to the inner surface of the mould evenly (Buchwald 
2008).
22
Hamed Mohebbi Chapter 2. Literature review
2.2.8 Classification of grey cast iron
The simplest classification of cast iron is that found in ASTM specification A 48, in which 
cast iron is classified with respect to its tensile strength. ASTM classification of cast iron 
starts from Class 20 reflecting minimum tensile strength of 20 ksi (140 MPa) to the maximum 
of Class 60 representing the maximum tensile strength of 60 ksi (450 MPa) (Figure 2.6).
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Figure 2.6 Stress strain behaviour of different classes of cast iron (Watson and Opra 1981)
It is worth mentioning that this ascending order of classification by no means conveys any 
scale of ascending superiority. The strength of cast iron within the same class is a function of 
its mierostrueture as explained in section 2.2.6.
British Standard classification of cast iron is also based on tensile strength. Since the strength 
of cast iron is a function of the section size into which it is cast, the strength of grey cast iron 
is determined in relation to 5 standard diameters of cast bars (Table 2.1). Using “Imperial
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units” (tons and inches), grey cast iron was classified in 7 grades (10, 12, 14, 17, 20, and 26), 
the number of each corresponding to the nominal values of the tensile strength required for 
the test bar of 1.2 in (30 mm) diameter. It should be noted that in Table 2.1 each diameter 
represents a range of section thicknesses. Also it is reported that the tensile strength values 
found in practice are higher than these values, which is a good indication of the difficulties of 
producing a cast iron with a given tensile strength (Angus 1978; Belmonte et a l 2007). It 
should be note that both the BS and the ASTM classifications express the same range of 
strength for the range of test bars diameter within the same class but with different units.
Table 2.1 British standard classification of grey cast iron (BS1452,1961)
Diameter 
of test bar/ 
in (mm)
Main cross- 
sectional 
thickness/ 
in (mm)
Minimum tensile strength ton/in^ (N/mm^)
Grade 10 Grade 12 Grade 14 Grade 17 Grade 20 Grade 23 Grade 26
0.6 (15)
Not exceeding 
3/8 (10)
11 (170) 13 (201) 16 (247) 19 (293) 22 (340) 25 (386) 28 (432)
0.875
(22)
Between 3/8 and 
3/4 (10-19)
10.5 (162) 12.5 (193) 15 (232) 18 (278) 21 (324) 24 (371) 27 (417)
1.2 (30)
Between 3/4 and 
11/8 (19-29)
10 (154) 12(185) 14 (216) 17 (263) 20 (309) 23 (355) 26 (402)
1.6(41)
Between 11/8 
and 15/8 (29-41)
9.5 (147) 11.5 (178) 13.5 (208) 16 (247) 19 (293) 22 (340) 25 (386)
2.1 (53) Over 15/8 9 (139) 11(170) 13 (201) 15 (232) 18(278) 21 (324) 24 (371)
So far the literature survey has concentrated on the mierostrueture properties of cast iron 
pipes. Furthermore it was also covered that how the chemical composition, cooling rate 
influences the mierostrueture of the cast iron pipes, which in turn influences the performance 
of in -service pipes. As indicated in the introduction, initiation and subsequent propagations 
of defects is believed to be one of the mechanism by which pipes are failing. From the water 
industry point of view it would be a valuable practice to develop an understanding of 
mechanical properties based on types of mierostrueture seen in the pipes material. In the next 
section the literatures pertinent to some key mechanical properties such as tensile strength, 
fracture toughness, and fatigue of cast iron will be explored in greater detail.
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2.3 Mechanical properties of grey cast iron pipes
2.3.1 Introduction
As indicated in Chapter 1, significant portions of the existing network of pipes were 
manufactured from grey cast iron and these can be up to 150 years old. This cast iron 
infrastructure is thought to be deteriorating at different rates, e.g. (Rajani and Makar 2000; 
Atkinson et al. 2002), depending on the geology and other localised conditions. In order to 
develop a rehabilitation or replacement strategy for the water industry, it is important not only 
to understand the mechanisms by which a pipe can fail, but also to use this understanding to 
inform the asset management process. Currently, the most widely practiced technique for the 
condition assessment of cast iron pipes is the corrosion pit depth criterion. Using pit depth 
measurement, it is a common practice to assess the remaining residual life of a pipe based on 
an estimate of the corrosion rate fi-om the pipe age, which in most cases is unknown. Giving 
the fact that corrosion is a stochastic process and localised conditions can result in differences 
on the rate at which corrosion pits perforate cast iron pipes, this leads to a large degree of 
uncertainty and scatter in data. This can be further accentuated when the results of 
investigation carried out on very limited specimens (often a single specimen) is accepted as 
being representative of overall behaviour of a pipe network. Furthermore, whether the 
corrosion pits act as stress concentrations or simply reduces the effective wall thickness is 
another problem that pit depth measurements can not address. To address some of the above 
issues, it is important for the water industry to develop a sound qualitative condition 
assessment method based on the residual mechanical properties of cast iron pipes. Such a 
method would enable the industry to judge the condition of the pipes without a need for prior 
knowledge of the pipe age or service history. This requires an understanding of the service 
loading and a knowledge of the stresses imposed on the pipes.
Hence, the emphasis of this section is put on the characterisation of some key mechanical 
properties of the cast iron pipes such as; fracture and fatigue properties, hardness, and strength 
subjected to different loading regime and service condition. Furthermore if pipes fail as the 
results of the coalescence of inherent defects or are generated at the time of installation or 
arise during the service, any information on the factors influencing fracture and fatigue 
behaviour and the rate of crack growth is of relevance. The aim of this chapter is to review
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the theoretical background regarding mechanical properties of east iron and critically review 
the available literature pertinent to those properties.
2.3.2 Stress-strain behaviour of cast iron
Tensile strength is widely used as the standard measure by which cast iron is classified. 
Tensile properties of cast iron can vary depending on the type of cast iron. These differences 
in the tensile properties are the result of variation in the mierostrueture resulting from changes 
in section size, cooling rate, and chemical composition, which were explained in section 2.2. 
The presence of graphite flakes in the matrix of cast iron gives rise to a non-linear stress strain 
curve (Angus 1978; Belmonte et al. 2008). Figure 2.7 presents typical stress strain curves for 
grey cast iron tested in tension.
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Figure 2.7 Example of typical tensile stress strain curve for three samples of grey cast iron (Belmonte et al. 2009)
The compressive strength of east iron tends to be much higher than the equivalent tensile 
properties as the graphite flakes have much less influence on its compression strength (Figure
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2.8). It is of note that the eompressive properties of cast iron are rarely determined 
commercially as the compression test is more difficult to perform than the tensile one.
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Figure 2.8 Stress strain curves in tension and compression for class 20 and 40 grey irons (Watson and Opra 1981)
The Other property of east iron which needs special consideration is its elastic properties. The 
modulus of elasticity of east iron is not constant as, even at relatively low values of strain, the 
ratio between stress and strain of east iron is not constant and is a curve of constantly 
decreasing slope. For grey cast iron the modulus of elasticity is usually determined from 
either the 5% offset secant modulus (Angus 1978).
Although the stress-strain response of east iron provides useful information on the 
performance of east iron under tensile or compression loading, it says nothing about its ability 
to resist indentation and penetration. Hardness tests, on the other hand, can provide 
comparable data for cast irons of the same class and are commonly employed as they are 
relatively easy to implement. The following section explains the most common type of 
hardness tests.
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2.3.3 Hardness of grey cast iron
One of the most commonly detennined properties of metals is its hardness. The hardness of 
grey cast iron is an intermediate value between hardness of the soft graphite and the harder 
metallic matrix. Hardness provides comparable data when it is employed for samples of the 
same class or type of grey east iron regardless of the differences in the matrix mierostrueture. 
Difference between graphite structures of the same class of east iron has more of an effect on 
other mechanical properties of cast iron such as tensile strength, which are mostly a function 
of the graphite flake size, geometry and distribution. The hardness of east iron is mostly 
affected by the presence of iron carbides, FcgC, in the mierostrueture. The presence of iron 
carbide within the mierostrueture will increase the hardness of cast iron. There are several 
test methods for measuring the micro- or macro- hardness of metallic material; however the 
most prominent ones are as follows.
1. Brinell hardness (BS-EN-ISO-6506-1 2005)
2. Rockwell hardness (BS-EN-ISO-6508-1 2005)
3. Vickers diamond pyramid (BS-EN-ISO-5607-1 2006)
The Brinell hardness and Vickers hardness values, denoted by HB and HV respectively, are 
two widely used methods for measuring the maero-hardness of the material. Because of the 
relatively large test impression with respect to the main microstruetural features the macro HB 
and HV values average all constituents in the mierostrueture. These two methods are 
commonly employed for assessing cast iron (Westbrook and Conrad 1973). In the ease of the 
Brinell test the hardness is determined by applying a constant load to a hard steel or carbide 
sphere of a specified diameter, for 10-15 second, pressing it into the surface of the material 
under test and measuring the diameter of the impression left after the test (Figure 2.9).
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Figure 2.9 Schematic of Brinell hardness test (Westbrook and Conrad 1973)
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The main difference between the Brinell and Vickers test is that in the Vickers test a diamond 
pyramid is used rather than steel ball. The hardness test is then measured by dividing the 
applied load to the test impression area. The Vickers test is particularly useful for metal with 
a hardness above 400 HB since the diamond pyramid, as opposed to ball used in Brinell test, 
will not be distorted. For grey east iron of hardness below 350 HB, the Brinell hardness test 
is commonly employed with a ball of diameter 5mm or more. As the area of impression left 
by such diameter is large, it is therefore less affected by local variation in the structure. The 
Brinell hardness is calculated according to the formula:
BHN=------------ --------------
Where, F  is applied load, D is the diameter of the test ball, and Di is the impression diameter. 
The hardness of grey cast iron has been reported to range from 90 BH for a fully ferrite
matrix to 250 BH for a fully pearlite one (Angus 1978; Priekett et al. 2001).
The hardness value given by the Brinell hardness test is the complex sum of the hardnesses of 
all the microstruetural constituents. Rockwell is a micro-hardness test and is employed to 
measure the hardness of different phases of the mierostrueture. For grey cast iron, the 
hardness of microstruetural phases varies significantly. That is, ferrite hardness is the lowest 
and ranges from 88 to 150 HB depending on the silicon content, while iron carbide phase 
(FcsC) has the highest amongst all the constituent phases of cast iron hardness and ranges 
from 800-1080. The hardness of pearlite is reported to range between 175-330 HB depending 
on the interlamellar distance within the pearlite itself. The other phase which is commonly 
presented in the mierostrueture of the grey cast iron is phosphide eutectic, which is reported 
to have a hardness of 420-740 BH (Angus 1978; Priekett et a l 2001).
As hardness tests are essentially non-destruetive and are relatively easy to make, a direct
correlation between hardness and tensile strength can be very useful. Generally hardness 
correlates very well with compressive strength as it is essentially a compression test (Figure 
2.10). There have been number of attempts to show a broad relationship between hardness 
and tensile strength of east iron. Figure 2.10 presents a plot of tensile strength vs. measured 
Brinell hardness for a set of test specimens (Watson et a l 1981). From Figure 2.10 it can be
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seen that the measured tensile strength shows a general trend to high values as the hardness 
increases.
60
'wa 50
o
o
o 40
.c
o> 30
c
0)
CO 20
0)
v>c in0)
1-
8 o o
<p .
7 ^ '
■
Inoculated Gray Iron
400
300
200
100
60 100 140 180
Brinell Hardness
220 260
Figure 2.10 Tensile strength vs. hardness of inoculated grey cast iron (Watson and Opra 1981)
There have been number of attempts to show a broad relationship between hardness and 
tensile strength of east iron. A number of mathematical relationships have been proposed to 
correlate the hardness and the tensile strength of cast iron. The derived relationships 
however, are often found not to be consistent when compared with results from different 
sources (Angus 1978).
In the ease of east iron water pipes, whilst hardness defines the resistance of the pipe material 
to plastic deformation and indentation, it does not take into account the condition of pipes, nor 
their performance under service loading. Furthermore, although strength measurements made 
on specimens taken from ex-serviee pipes provide useful knowledge of the performance of the 
pipes under the service loading, it does not say anything regarding the effect of time- 
dependent defects, e.g. corrosion pits on the future perfonnanee of the pipes. Taking in to 
account that the time dependant defects become worse in service, it is extremely important to 
understand the performance of pipes in the presence of growing defects. In the light of this, in 
the next section Linear Elastic Fracture Mechanics (LEFM) has been used as a core principle 
to evaluate the fracture and fatigue properties of east iron pipes.
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2.3.4 Fracture toughness of cast iron
The question of whether a corrosion pit will grow to a critical size that can not to be sustained 
by the pipe anymore may be addressed by Fracture Mechanics approach. The principal of 
LEFM states that if a structure under a nominal applied stress contains a sharp crack, then the 
magnitude and distribution of the stress field in the vicinity of the crack tip can be related to 
the applied stress and size and shape of the crack. The concept of fracture mechanics was 
first put forward by Griffith through his two important papers (Griffith 1921, 1924), which 
were based on the earlier work by Inglis (Inglis 1913) on the theory of stress concentration 
round elliptical holes. In his second paper Griffith derived a simple formula for the “far field” 
stress to propagate a central crack in a uniform biaxially loaded sheet.
(7  =
2^y.\0.5
m
(2.4)
Where, E  is the Young’s modulus, a is the semi-crack length, and T  is the surface energy. 
Although Griffith’s work could hold valid for the fracture of a brittle material, it was largely 
in error for the prediction in ductile material due to the formation of the plastic zone ahead of 
the crack tip. From his formula, however, it is clear that he recognised the importance of 
local condition for the fracture.
2.3.4.1 Concept of stress intensity factor
The fundamental principal of fi*acture mechanics states that the stress field ahead of a sharp 
crack in a structure can be related to a single parameter, K, the stress intensity factor. This 
parameter is function of the far-field stress level a and the size, shape, and orientation of the 
crack or crack-like defects. The concept of stress intensity factor was first developed by Irwin 
(Flugge 1958) who presented the local craek-tip stresses on a plate of infinite length subjected 
to the uniform tensile stress to be:
I f G y  1 6>,, . e . w .
<7 ^ ^  = ----------- —7=  COS — (1 + Sin — sin — ) (2.5)
^ J 4 l r  2 2 2
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Where, r and 6 are the crack tip polar coordinate with the length 2a, and G is force tending to 
cause crack extension or strain energy release.
In his later work in the same year Irwin introduced the parameter K, stress intensity factor to 
be K-EG, and stated that the local stresses in the vicinity of the crack tip can be re-written as:
f„(0) (2.6)
Where, K is the stress intensity factor, or local scaling factor, md fij(O) is the correction factor. 
Equations for the calculation of stress intensity factor vary and depend on the mode of the 
deformation and geometry of the crack. For example for a single edge notched bend, SENB, 
(Figure 2.11)
P/2
Figure 2.11 Schematic of SENB test configuration (Hertzberg 1996)
The stress intensity factor equation specimen is given by:
Kj = a y [ m f ( a / W ) (2.7)
Where, a is the notch length, B is the thickness, Ki is the stress intensity factor under mode I  
fracture deformation and f(a/W) is the correction factor, which is a function of the geometry 
of the specimen, crack length and the loading condition (see sections.3.3 for more details).
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The stress intensity faetor obtained for a strueture depends on the mode of eraek deformation, 
whieh is a refleetion of the loading regime that the structure experiences. In order to analyse 
the stresses around a eraek tip in a strueture such as cast iron pipes, a knowledge of loading 
condition, and the geometry of the crack is required. Generally speaking, there are three types 
of fracture mode; mode /, 77, and 777 (Figure 2.12).
Figure 2.12 Schematic of the modes of fracture for a specimen containing a crack (Hertzberg 1996)
Mode 7 or opening mode is the condition in whieh a crack plane is perpendicular to the 
direction of the largest tensile load applied. Mode 77 and III are the condition when crack 
plane is parallel to the applied load (Hertzberg 1996). In mode 77 the eraek surfaces slide 
over each other in a direction perpendicular to the line of the crack tip, while in mode 777 the 
two fracture surfaces slide over each other in the direction that is parallel to the line of crack 
tip.
In the context of in-service east iron pipes, depending on the loading regime, the deformation 
at the eraek tip can be one, or a combination, of these modes. However, excluding the loads 
that impose mode 77 and 777 of the fracture deformation, e. g. ground movement; it is a 
reasonable assumption to think of mode 7 as the predominant mode of fracture. The other 
aspect of eraek deformation is its size and pattern, which is a function of the geometry of the 
specimen and the applied stresses.
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Crack tip deformation- type and geometry
Equations (2.5) and (2.6) reveal that when stresses in the vicinity of the crack tip can be 
unrealistically large. Such a high magnitude for the stress level can not be realistic as the 
material undergoes plastic deformation, creating a plastic zone that surrounds the crack tip. 
The size of the plastic zone depends on the stress condition of the structure. That is, in 
dealing with a thin structure, where the thickness of the material is small the stresses in z 
direction, o ,^ (the out of plane stress) can be assumed to be negligible or zero relatively to the 
in plane stress. Ox, Oy, {xy is the plane at which the crack is growing). Because no stresses 
normal to the free surface, a biaxial state of stresses results and the condition is termed plane 
stress. In a thick body on the other hand, as the material is constrained in the z direction due 
to the thickness of the structure, the strain can be assumed to be zero in z direction. This 
condition is termed plane strain condition. The stresses in the z direction are not negligible 
anymore (due to the Poisson’s effect), resulting in maximum constraint in the plane strain 
condition and consequently the smaller plastic zone than the one developed under plain stress 
condition (Hertzberg 1996). Figure 2.13 is the schematic representation of what is thought to 
be the shape of plastic zone created ahead of a crack tip.
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Figure 2.13 Schematic representation of the crack tip deformation pattern (Hertzberg 1996)
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It can be concluded that the greater the specimen thickness, the more the plane strain 
condition will dominate, which will lead to a higher stress being present in the vicinity of the 
crack tip. These high elastic stresses will cause high elastic strains, which causes the material 
to undergo some plastic deformation prior to final fracture. However, because structural 
materials have a certain limiting characteristic (e.g. yielding in ductile and fracture in brittle 
material), there is also a limiting values of stress intensity factor known as the critical stress 
intensity factor. This is explained in some detail in the following section.
2.3.4.2 Critical stress intensity factor
As noted in previous section, in a structure containing a sharp crack the stress intensity factor 
is a function of applied stresses, the geometry of the structure, and the crack length. When the 
stress intensity factor reaches a critical value, so in turn does the elastic stress near the crack 
tip, the crack can not be sustained any more and fracture occurs. This critical value of stress 
intensity factor is called the fracture toughness. In other words, it is a measure of the work 
required to fracture the material. The work, or energy, dissipated in fracturing a material is 
associated with elastic and plastic deformation of the material and any crazing that precedes 
the final fracture. Fracture toughness is a quantitative way of expressing a material’s 
resistance to brittle fracture when a crack is present (Hertzberg 1996).
There are four types of fracture toughness denoted as Kic, Knc, Kmc and Kc. The first three 
are representative of the material fracture toughness under the three types of crack 
deformation explained in section 2.3.4.1 and Kc is used to measure a materials fracture 
toughness when the specimen fails to meet the geometrical requirement of the test. This can 
be the case for some of the cast iron samples taken from ex-service pipes as the determination 
of the fracture toughness value has to be done on specimens that are limited to the thickness 
of the original pipe or smaller. Hence it is important to appreciate the geometrical effect on 
the fracture toughness.
Geometrical effect on fracture toughness/ thickness criterion
As indicated in section 2.3.4 the amount of the plasticity that a structure undergoes prior to 
the fracture is function of its thickness. That is, as the thickness of the structure decreases so
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does the degrees of plastic deformation at the crack tip, and the condition of the plane stress 
becomes dominate and the material exhibits greater toughness. Alternatively, when the 
thickness is increased and so the plastic deformation ahead of the crack tip does too, the plane 
strain condition prevails and the toughness decreases to a lower limit that can not be reduced 
any further (Figure 2.14). In other words, the plane stress fracture toughness is only related to 
the properties of the material under test, while the plane stress fracture toughness is the 
function of both material properties and geometrical aspects. It is worth mentioning that 
plane stress fracture toughness, Kc, is the critical stress intensity factor for a structure under 
the condition of static or slow loading rate. The value of fracture toughness for a specimen 
under a dynamic loading condition (e.g. fatigue), denoted by Kd, is the critical value of stress 
intensity factor under plane strain or maximum constraint condition. Kd values tends to be 
higher than Kc because of the gradual prevalence of the plane stress condition as the stress 
intensity factor increases to its critical value (Rolfe and Barsom 1977).
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Figure 2.14 Schematic of the variation of fracture toughness with respect to specimen thickness (Rolfe and Barsom 1977)
To ensure that values obtained for the fracture toughness are not overestimated and are values 
when plane strain dominates, a minimum thickness requirement is defined to be as:
^ > 2 . 5
y
(2.8)
Where, B is the thickness of the material, Oy is the yield stress and Kc is the fracture toughness.
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The fracture toughness of grey cast iron varies with stress/strain rate as it influences the 
amount of deformation that precedes a fracture. The fracture toughness of flake grey cast 
iron has been reported to range between 14-25 MN/m^^  ^ (Minkoff 1983; Xin et al 2007). 
This variation is mainly due to the geometry differences (the thicker the section the more 
prevalence of plane strain condition and hence lower fracture toughness) and the 
microstructural variations. The volume fraction of constituent phases of the micro structure 
was reported to be the controlling factor in the fracture toughness performance of cast iron. 
That is, the increasing pearlite content of the microstructure in flake cast iron was reported to 
improve the value of the fracture toughness (Minkoff 1983). Graphite shape and size also 
was reported to have an effect on the fracture toughness of cast iron. Graphite lamellae act as 
foci to stress concentration, de-bonding from the matrix at very low stress level and plastic 
deformation. As a result, matrix plastic deformation is effected by the coalescence of these 
micro-cracks formed ahead of the crack tip (Haenny and Zambelli 1983).
(Bertolino et a i 2002; Bertolino and Perez-Ipina 2006) conducted a series of experiments on 
grey cast iron specimens of the same class, investigating the effect of geometrical variation 
on the fracture toughness using various techniques. They investigated the effect of the ratio 
of the crack length to the specimen width {a/W). Their results showed approximately 
constant fracture toughness values for the range of a/W  (Figure 2.15).
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Figure 2.15 Fracture toughness data for cast iron test specimens as a function of normalised crack length, a/fV (Bertolino and Perez-
Ipina 2006)
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So far we have explored the application of the fracture mechanics when a structure is under a 
static or slow loading rate. In the context of the water mains buried in the ground, depending 
on the service environment and traffic pipes experience a loading regime that can range from 
that of quasi-static (e.g. soil load) to those of alternating loads (e.g. traffic flow). Section
2.3.5 overviews the application of the fracture mechanics in cyclic fatigue behaviour and the 
literatures regarding fatigue of grey cast iron pipes.
2.3.5 Fatigue behaviour of cast iron
Fatigue failure of service components remains a topic of relevant importance in the industrial 
world. Materials, which are subjected to repeated or fluctuating loads, can break after being 
exposed to a large number of cycling load. The failure is seen to occur even though the 
maximum stress achieved is below the material’s maximum tensile strength. This type of 
fracture is called fatigue fracture and the failure associated with it is fatigue failure. The 
occurrence of a fatigue crack is directly influenced by the maximum stress and the cumulative 
number of times at which it is subjected. A fatigue crack is likely to initiate from areas of 
high stress concentration after a large number of loading cycles. It is always a brittle type of 
fracture even when occurring in a ductile material. The number of cycles that induces a 
fatigue failure is inversely proportional to the magnitude of the stress. That is, the higher 
applied stress (a significant proportion of the tensile strength) the smaller the number of 
cycles required for initiation and propagation of fatigue induced cracks. Fatigue life of may 
be divided to three stages; crack initiation, crack propagation, and fracture (Figure 2.16).
FLAW S IZ E ,a
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NUMBER OF APPLIED 
LOAD CYCLES N
Figure 2.16 Schematic of fatigue life of service components divided in three regions of initiation and propagation of cracks and
fracture (Rolfe and Barsom 1977)
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As described in section 2.3.4 fracture mechanics relates the local stresses ahead of a crack tip 
to; the applied stresses to the components subjected to the mode I crack deformation, size and 
shape of the crack, and the material properties. It was shown that the magnitude of this stress 
field can be described by a single parameter Ki, stress intensity factor, which is consequently 
effected by the applied stresses, and size and shape of the crack or defects present in the 
structure. Giving that most structural components such as cast iron pipes, contain inherent 
defects or develop cracks early in their life time, the useful life of such components may be 
determined using fracture mechanics parameters. That is, critical stress intensity factor Kc or 
Kd represent the end of the components life and the total useful life can be characterised by 
the rate of sub-eritieal crack propagation to a critical size. Hence, a very effective study of 
fatigue crack growth rate is the measurement of the incremental increase of the crack length a 
and recording the corresponding number of cycles N  under constant load amplitude. Any 
increase or decrease in the magnitude of the cycling load results in the decrease and increase 
in the fatigue life of the component respectively. Consequently various a-N plots can be 
generated by varying the magnitude of the cycling load or the size of the initial crack. It is no 
surprise that all these curves reduce to a single curve when presenting data in the form of 
crack growth rate per cycle of loading, as K  is the single parameter that incorporates all these 
changes (Figure 2.17).
a
a,
a
N
Figure 2.17 Schematic of a-N plot showing fatigue crack propagation rate increases with increase in crack length and applied stress
(Hertzberg 1996)
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2.3.5.1 Modelling of the fatigue crack growth
There are many proposed relationship for determining the fatigue erack growth rate sueh as 
Liu, Frost, Weibull, and Paris, some empirieal and some theoretical (Smith 1984). Amongst 
these approaches the Paris relation seems reasonable in that it attributes the rate of eraek 
growth to the stress intensity factor, which is a function of applied stress and crack length.
da (2.9)
Where, m and A are the Paris constants, da/dN is the rate at which a crack progresses in a 
material, AK= AK^ax ~ AK^m is the range of stress intensity factor, and AK^ax and AKmin are 
the maximum and minimum applied stress intensity factor. It is expected that by taking 
logarithm of both side and plotting log (da/dN) versus log (AK) a line with the slope m and 
intercept log A is obtained. Interestingly, the graph shows a sigmoidal shape incorporating 
three regimes denoted by region I, II, and III of which only the central region is linear (Figure 
2.18).
m
log AfC
Figure 2.18 Schematic of erack growth rate as a function of stress intensity factor in three region of fatigue crack growth. Slope of 
the line in region II is the power term in Paris relation (Hertzberg 1996)
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From Figure 2.18 it can be seen that as the crack growth rate (da/dN) increases, AK  increases 
too at all three regions. In region I  as AK  decreases the graph exhibit a knee-shape behaviour 
sueh that the growth rate decreases to very low value (order of 10'  ^mm/cycle) called AKth- 
Fatigue behaviour in this region is very sensitive to the mierostructural variation, mean stress 
and environment (Smith 1984). In region //, eraek growth behaviour can be described by 
Paris power law and the slope of the line is m, the power term in equation (2.9). Region II  is 
also greatly influenced by the mierostructural variation, mean stress, and environment of the 
test, as well as the thickness of the specimen (Rolfe and Barsom 1977; Hertzberg 1996; 
Ashby and Jones 2006).
At high values of AK the crack growth rates are higher than the extrapolation of the linear 
curve of the region II. This can be partially because of the static mode of the fracture is 
produced and partially due to plasticity as the plastic zone tends to develop in an increasing 
manner. The fatigue behaviour in this region is mostly a function of stress ratio, R, the ratio 
of minimum to maximum applied stress. That is, the erack growth rate at high value of AK  
increases markedly with increasing stress ratio. It is then possible to obtain the number of 
cycles to failure of the components by integrating equation (2.9)
%f da (2.10)
l A i h K T
Where, Nf is the number of cycle to failure.
Equation (2.10) has a significant engineering application in determination of the theoretical 
calculation of fatigue life of a component. Equation (2.10) can be further simplified by 
replacing AK  with the expression that relates the crack geometry and loading condition. For 
example for a SNEB test configuration a specimen containing a eraek of length a under the 
constant stress range of Ao, equation (2.7) can be replaced for AK  and equation (2.10) then 
can be simplified to (Hertzberg 1996):
N f  = --------   yy r ------ —------- (2.11)
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Where
3(a/Pn' -x [1 .99-(a /in (l-(7 /W 15-3 .93a /P F + 2.767^ /lF ^ )]3/ 2 (2.12)
The condition of the strain of the damage zone ahead of the eraek may affect the fatigue 
behaviour of the structure. The phenomenon is termed as crack closure which is discussed in 
the following section.
2.3.5.2 Crack closure concept
When considering the formation of a plastic zone ahead of an advancing erack, it might be 
argued that residual tensile strain (damage) ahead of crack tip might prevent the eraek 
surfaces from fully closing even when the minimum applied stress is above zero. Meaning 
the crack is partially closed for a portion of the load cyclic and does not open until a certain 
level of applied stress intensity factor denoted by AKop (Figure 2.19).
max
Figure 2.19 Schematic of crack opening displacement showing to be above zero (Hertzberg 1996)
The effective stress intensity factor range at which the material experiences a eyelie load 
would then change to AKgffand is given by:
■op (2.13)
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Load corresponding to fatigue crack closure can be measured from the plot of load versus 
crack tip opening displacement (CTOD) using the point of deviation from the linearity. The 
applied stress ratio is reported (Li and James 1997; James and Li 1999) to have an effect on 
value of Kop and it increases with an increase in the stress ratio (Figure 2.20).
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Figure 2.20 Crack closure data for grey cast iron in various stress levels (James and Li 1999)
So, it can be seen, fatigue behaviour is greatly influenced by the state of applied stress ratio. 
There are other important factors such as; mierostructural aspect, test environment, and 
thickness of the material under test that greatly influenee fatigue behaviour. In the case of 
cast iron pipes used in the water industry, as the most of their useful life time is spent in the 
low growth regime (initiation and propagation of the crack), it is necessary to appreciate the 
influenee of these factors, in particular in region 1 and //, to some extent. The influence of 
these factors are particularly important when dealing with a network such as the current cast 
iron water pipes, which is comprised of different class of cast iron, varying in the thickness 
and material type, and subjected to range of environment and loading regime.
2.3.S.3 Factors controlling crack growth
The fatigue performance of cast iron is believed to be influenced by series of factors such as 
mierostructural features, e.g. graphite morphology and the matrix macrostructure, condition of 
loading stress, and specimen geometry and condition e.g. corrosion product on the surface of
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cast iron pipes (Smith 1984; Hertzberg 1996; Howes et al. 2002). In grey cast iron pipes, 
given that nominal pipe thickness stay constant throughout its length, the microstructure of 
the pipe material and condition of the pipes can play an important role in fatigue of the pipes. 
Environmental factors such as corrosion (either localised or general corrosion) can greatly 
influence the fatigue performance of the pipe depending on its extent. That is, severe 
corrosion decreases the effective wall thickness, which in turn reduces the fatigue life of the 
pipe. The type of corrosion product and the condition of the surface can also greatly influence 
the fatigue performance of the pipes (Yamabe and Kobayashi 2006). The fatigue 
performance of cast iron is also known to be greatly influenced by the matrix microstructure 
and size, and the graphite phase shape, size, and morphology. That is, the free graphite 
dispersed within the matrix can be considered as an inherent notch, which can act as foci to 
stresses applied to the pipe. Also the ability of the metallic matrix to resist crack growth 
makes the microstructure of cast iron an important factor in fatigue performance (Watson and 
Opra 1981; Tokaji et al. 2007).
Investigation of role and influence of each individual factor in fatigue performance of cast 
iron pipes is outside of the time and scope of this project. On the basis of this, in this 
literature survey the emphasis has been placed on the understanding the effects of 
mierostructural variation on fatigue performance of cast iron pipes.
2.3.5.4 Mierostructural aspect of fatigue crack growth
As indicated in Chapter 1, defects can be introduced in cast iron pipes by various routes 
including processing and manufacturing, environmental attack (e.g. corrosion pits), and those 
generated in service at the time of installation or during the maintenance. In the case of grey 
cast iron pipes, processing and manufacturing defects are present from the time of casting. 
These defects include; porosity, inclusions, and mierostructural defects such as dislocations, 
grain texture, and graphite flakes. The degree to which each behaves as a crack depends on 
their size, distribution, and morphology. The most prominent mierostructural “defect” present 
in grey cast iron pipes is the graphite flake. Having a very low density relative to the metallic 
matrix, this phase provide an easy crack initiation site. These graphite flakes are the weakest 
phase in the matrix structure and have a great influence on the mechanical property of cast 
iron. Variation in the microstructure is believed to be a prominent cause of variation in the
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mechanical properties, which is mainly the result of compositional variations within a 
specified limit. Increasing the volume of the graphite in the microstructure is reported to 
influence the mechanical properties of flake cast iron in an adverse manner (Srinivasan and 
Kondic 1975). Literature (Srinivasan and Kondic 1975; Hombogen 1985; Collini et a l 2008; 
Mourujarvi et a l 2009) concluded that metallurgical and microstructure features of cast iron 
such as volume fraction of meta-stable austenite, pearlite, as well as presence of the alloying 
elements have a great influence on the fatigue and fracture properties of cast iron.
To better understand the fatigue and fracture behaviour of cast iron pipes, it is important to 
appreciate the mechanism of the crack propagation in the microstructure in different stages of 
the fatigue life. Such knowledge will help in understanding the failure mechanism of the 
pipes.
2.3.5.5 Mechanism of crack growth
The mechanism by which a crack in grey cast iron grows is mostly due to the formation of 
the voids around the inherent defects such as graphite flakes and their subsequent 
coalescence (Figure 2.21).
Voids form at some stage during deformation and then grow and coalesce with a certain 
amount of plastic strain being involved at each stage. Formation of voids in cast iron can be 
initiated from different region due to several reasons such as; existence of the second phase 
particle, inclusions, coarser particles, and grain boundary cracks(Callister 2007).
The volume fraction of the constituent phases of the matrix also plays an important role on 
the void formation. That is, the higher volume fraction, the more nucleating sites, hence the 
lower fracture ductility. The volume fraction of phases in cast iron microstructure is a 
function of cooling rate during casting process (the lower cooling rate, the more time for 
material to nucleate hence more nuclei). The more nuclei means a smaller size of particles 
and hence a greater resistance to cracking and interface cracking. Particles at the grain 
boundaries also generate voids, which can result in localisation of plastic flow.
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Figure 2.21 The mechanism of crack growth in grey cast iron, a): coalescence of the defects, b): formation of voids as results of 
increasing stress concentration on tip of the crack (Callister 2007)
The presence of inclusions also is one of the factors contributing to the void formation due to 
the week interface bond between the inclusions and the matrix. Crack extends and 
propagates by ductile fracture ahead of the tip (successive void formation and coalescence). 
Cracks are usually initiated from region of high stress intensity and progress in transgranular 
or intergranular manner. In a transgranular fracture the erack propagates through the grains 
while in an intergranular fracture the erack propagates along the grain boundaries (Figure 
2 .22).
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Figure 2.22 Microfractographs of a fractured surface of cast iron: a) intergranular fracture surface, b).transgranular fracture
surface in duetile iron(Callister 2007)
Fracture surface of cast iron failed component is a eharaeteristie type of surface with dimples 
of non-uniform size indicating more than one type of nucleating mechanism. It is difficult to 
mark fatigue fracture failure surface of materials as duetile or brittle, unlike the fast fracture. 
That is, when a crack is reached to a critical state that is not any more stable the fast fracture 
will occur and the fracture surface would either be brittle or duetile depending on the material 
type (brittle or duetile). Generally speaking, the fatigue fracture surface is smoother than fast 
fracture surface. In a flake graphite east iron however, it is difficult to distinguish the fracture 
type (whether the failure has been the result of fatigue or single load application) as there no 
distinctive fatigue fracture is obtained (Davis 1996).
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So far the focus has been on theories surrounding the fatigue behaviour and the mechanism of 
the crack growth in cast iron pipe material without any consideration of the rate at which a 
crack can grow. Taking into account that in the fatigue life ranges of 10  ^ to 10  ^ cycles the 
crack initiation in cast iron pipes can be assumed to occur very early in its life time, e.g. ab 
initio defects or defects generated in-service, it is perfectly reasonable to pay specific 
attention in fatigue life of the pipes. Besides, the time-dependant defects e.g. corrosion pits, 
which can become worse during the service, can reduce the wall thickness of pipes such that 
the fatigue performance is compromised. In such case fatigue may become an issue from an 
asset management point of view; for the water industry the ability to estimate the rate at 
which these defects grow under service loading is of particular importance. Section 2.3.6 
therefore reviews the literature regarding the fatigue crack growth rate in grey cast iron.
2.3.6 Fatigue of cast iron
The literature regarding the fatigue behaviour of grey cast iron is perhaps limited given its 
widespread use; nevertheless studies have been identified which are of relevance to the 
current work (Kapadia and frnhof 1979; Hombogen 1985; James and Li 1999; Willidala et a l 
2005; Baicchi et a l 2007; Collini et a l 2008; Belmonte et a l 2009), a number of which are 
concerned with fatigue crack growth characterisation. Therefore this literature survey has 
focused on only the handful of literature available regarding fatigue performance of cast iron 
components.
Kapadia (Kapadia and Imhof 1979) conducted a set of fatigue experiment using Compact 
Tension (CT) test configuration and applied stress ratio of 0.1 on number of cast steel 
speeimens of 1 inch (25mm) thickness including grey cast iron. The cast iron specimens used 
in that study were reported to have hardness value in the range 156-187 BH with an average 
of 167BH and average tensile strength of 207MPa. They reported that data regarding crack 
growth of grey cast iron had a wider scatter than the other materials (Figure 2.23). The power 
term of the Paris equation were reported to be about 5.5 and reasonably consistent for all the 
specimens. The maximum stress intensity factor before the final fracture was also reported to 
have a wide scatter range of 14.2-31.0 MPa/m^^ .^
48
Hamed Mohebbi Chapter 2. Literature review
Stress Intensity Factor Range, AK in MPav/m 
10 2 0  4 0  6 0  1 0 0
(la (IN 
mill cycle
c
Z
<c
00 Ban<d for Wrought
Ferrite-Pearlite
Steels
0) 10“
rr
JZ
Load Range
■ 2 0 0 0  lb {910 kg)
°  2 2 0 0  lb (1 0 0 0  kg) 
•  2 5 0 0  lb (1 1 3 0  kg) 
o 2 5 0 0  lb (1 1 3 0  kg) 
A 3 0 0 0  lb (1 3 6 0  kg) 
A 3 3 0 0  lb (1 5 0 0  kg)
O
o
2u
10-*
10 - ’
10 20  3 0  4 0  6 0  8 0 1 0 0
Stress Intensity Factor Range, AK in ksi v/TricIi
Figure 2.23 Plot of crack growth rate vs. stress intensity factor for grey cast iron specimens reported by (Kapadia and Imhof 1979)
Hombogen (Hombogen 1985) studied the fraeture and fatigue behaviour of flake and nodular 
graphite morphology grey cast iron in order to develop a quantitative model for the 
relationship between bulk properties and mierostmeture. The specimens used in that study 
were pearlitic grey east irons with nominal thickness of 60 mm. The hardness value of the 
speeimens was reported to be 177-198 BH, and 234-260 BH for flake and nodular graphite 
morphology respectively. Using a CT test configuration and 0.1 applied stress ratio 
Hombogen reported that flaked graphite cast iron showed more plasticity than the nodular 
graphite speeimens. He also reported a non-linear behaviour for elastic modulus of the flake 
specimens as well as a range of elastic behaviour with increasing number of cycle observed in 
fatigue test (Figure 2.24). The tensile strength of the specimens was also reported to be 162- 
200 MPa and 536-469 MPa for flake and nodular east iron respectively. The fracture 
toughness of the specimens obtained in that study was 19.2-21.5 MPa/m^^  ^ and 35.4-43.3
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MPa/m^^  ^ for flake and nodular cast iron specimens respectively. It was concluded that the 
critical stress intensity factor determined by conventional 5% secant modulus is an 
underestimate of the true value of fracture toughness. It was also stated that the 
mierostmeture of east iron deserved more attention as it seemed to be the controlling factor in 
the mechanical behaviour. It followed that in the case of flake iron an increase in fracture 
toughness was followed by increase in tensile strength while for the nodular iron it was 
reversed.
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Figure 2.24 Plot of crack growth rate vs. stress intensity factor for grey cast iron specimens reported by (Hombogen 1985)
James (James and Li 1999) conducted a series of studies on flake grey east iron speeimens of 
cross section 30x10mm, which were machined from a failed blower, employing a SENB test 
configuration. They based the calculation of eraek growth rate on effective stress intensity 
factor (equation 2.13); obtaining the closure value by employing a baek-faee strain gauge.
50
Hamed Mohebbi Chapter 2. Literature review
The hardness and tensile strength of the speeimens were reported to be 207BH and 207 MPa 
respectively. They produced a series of graphs demonstrating the effect of stress ratio on the 
eraek growth rate with respect to the local stress intensity factor (Figure 2.25). The 
corresponding stress intensity factor value was reported to reach its maximum value (fracture 
toughness) of between 14-16 MPa/m^^ .^ It was concluded that as the scatter in data from grey 
east iron was large, the eraek growth rate modelling based on the might be more suitable
than the conventional method, which is based on AK (K,„ax-Kmin)•
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Figure 2.25 Crack growth rate data for grey cast irons specimens reported by (James and Li 1999)
Baieehi (Baieehi et al. 2007) conducted a similar study on grey east iron speeimens, which 
were taken from a failed high pressure directional valve used in a tractor lifter. The 
speeimens were identified as pearlitic grey east iron with the value of 109 GPa and 230 MPa 
for Young’s modulus and tensile strength respectively. For fracture toughness and fatigue 
experiment a CT test configuration was employed on rectangular speeimens of cross section
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36x36mm. Power components for the Paris relation were reported to be in the range of 6.95- 
4.53 and the coefficient of the Paris relation 5x10’^^  -1x10'** for stress ratios of 0.1 and 0.5 
respectively (Figure 2.26). They observed that different stress ratio did not have much effect 
on the Paris components, while the threshold values were significantly affected by the R-mi\o 
variation. The fracture toughness value was reported to be 15 MPa/m^^ .^
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Figure 2.26 Data showing the effeet of stress ratio on crack growth rate of grey cast iron specimens, R= 0.1 and R= 0.5, (Baicchi et al.
2007)
The fatigue life of grey cast iron components is another area that has been investigated by 
number of workers. (Taylor et al. 1995; Willidala et al. 2005; Damir et al. 2007; Collini et al. 
2008; Mourujarvi et al. 2009) ail evaluated the S-N behaviour of cast iron speeimens both in 
the as east and machined condition by subjecting them to a constant cycling load and a range 
of applied stresses to the point of failure. The life range of 10^  -10^ cycles from S-N plot is 
considered as the fatigue life of the component for design purposes.
52
Hamed Mohebbi Chapter 2. Literature review
Willidala (Willidala et a l 2005) after conducting a number of fatigue and tensile test on grey 
cast iron specimens concluded that fatigue limit values were in accordance with stress 
corresponding to 0.07% strain in the tensile curve (Figure 2.27). He suggested that these 
values mainly depend on graphite morphology (flake length, size and distribution) and matrix 
strength (ratio of ferrite to pearlite and hardness of the pearlite). It was also stated that a 
reduction in the eutectic grain size and increase in hardness value improved the tensile 
strength.
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Figure 2.27 Stress/stain data showing relationship between, a) stress at the 0.07% strain limit and tensile strength, arrows indicating 
increasing matrix hardness, number of eutectic grains and lamella length, b) fatigue limit and tensile strength (Willidala et al. 2005)
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Collini (Collini et al. 2008) have also suggested that as the graphite eontent of the 
mierostmeture inereased the tensile strength and fatigue limit of the speeimens decreased. It 
was reported that a decrease in the eutectic size of the metallic matrix was followed by an 
increase in fatigue limit of the specimens. Conversely, a decrease in the eutectic cell size of 
the metallic matrix was observed to follow by a decrease in tensile strength of the speeimens 
(Figure 2.28).
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Figure 2.28 Data obtained from the literature (Collini et al. 2008) showing, a) effect of eutectic cell size on fatigue limit, b) graphite
content of the microstructure on elastic modulus
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2.3.7. Concluding remarks
So far the literature survey has covered, to some extent, material and mechanical properties of 
grey cast iron in a standard environment. Taking in to account that the grey cast iron pipes 
used in the water industry are buried in the ground for a considerable period of time, the 
effects of the environment on both physical and mechanical properties, which in turn 
influences the performance of the pipes, can be very significant. In the next section 
mechanics and the rate of corrosion of cast iron pipes have been investigated in details. These 
investigations have considered the variation in the environmental condition such as 
corrosiveness of the environment (arise from differences in the soil geology) and the amount 
of dissolved oxygen in the surrounding water throughout the network.
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2.4 Corrosion of cast iron pipes
2.4.1 Introduction
As indicated in Chapter 1, one of the mechanism by which the network of cast iron water 
pipes is believed to be deteriorating is aqueous corrosion, which causes deterioration over an 
extended time period. Such corrosion can reduce the structural integrity of cast iron pipes 
resulting in part of the network reaching the end of its useful life. This is because localised 
corrosion, such as corrosion pits, can act as foci to stresses applied to a pipe, leading to the 
generation of crack-like defects and subsequent leakage or the catastrophic failure. The 
corrosion of the in-service east iron pipes is a complex process and can occur both internally 
and externally. This complexity is mainly due to the multiphase microstrueture of the pipe 
material and the variation of both the internal and external environment of the pipe. The 
multiphase mierostmeture of grey east iron gives rise to galvanic coupling between the 
different phases of the mierostmeture (ratio of cathode/ anode areas). Furthermore, variation 
in the environment of both the inside (pH and oxygen content) and outside (heterogeneous 
characteristic soil) of the pipes make the prediction of the rate and mechanism of the 
corrosion very challenging. The corrosion of buried pipes is generally localised and driven by 
a variety of factors which are known and each can individually be investigation. However, 
pipeline deterioration is often the result of a combination these factors and is considered to be 
a complex process (Najafi and Gokhale 2005).
Soil type, groundwater level and fluctuation 
Stray current from near by utilities 
Third parties excavation
Presence of oxygen and residual disinfectant in the potable water 
Temperature fluctuation
Surrounding environment e .g trees roots around pipes 
Presence of sulphate reducing bacteria in the soil 
Size and material of pipes
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The investigation of the impact of each individual factor leading to corrosion degradation is 
neither practical nor economically feasible; however damage can be predicted by analysing 
the most prominent ones such as corrosiveness of surrounding soil and its impact on range of 
pipe material. It should be noted that it is only through a combination of the above factors 
that a corrosion process can be initiated and once initiated it is only under certain conditions 
that the corrosion process can progress. The random nature of corrosion makes any attempt to 
predict the corrosion rate of specific iron pipes even more challenging and less deterministic. 
Clearly the age of a pipe can be used as an indication of the condition; however any attempt to 
directly correlate the extent of the corrosion to the age of pipes can be invalidated by the 
randomness of the corrosion process. This is particularly true for the cast iron pipes used in 
the water industry as, for the most part, they were put into service at various times (over the 
past 150 years or so) and have been subjected to different soil condition and loading regimes, 
etc.
Although it is impossible to predict when a specific pipe will fail, it is perfectly feasible to 
estimate whether it is sufficiently deteriorated for the failure to be likely. This chapter is 
intended to review the mechanisms and the rate of corrosion of cast iron and its likely impact 
on the failure of in-service cast iron pipes. In this literature review the emphasis is placed on 
the investigation of the effect of environment on range of pipe material.
2.4.2 Basic concepts
Corrosion may be defined as the degradation of a metal by an electrochemical reaction with 
its environment (Trethewey and Chamberlain 1995). In the case of iron pipes this is a result 
of electrochemical interaction of the pipe material with its environment. Corrosion is a 
problem caused by the thermodynamic instability of many metals with respect to their oxides. 
Most metals corrode given the right environment and sufficient time. Only the very noble 
materials, such as gold and platinum, are immune to corrosion under normal condition and 
environment. For less noble metal, such as iron and its alloys, the corrosion reaction with the 
atmosphere is spontaneous as the metal attempts to minimise its free energy (AG) (Fontana 
1986). Whether a corrosion reaction occurs spontaneously or not can be determined by 
thermodynamic considerations of the system. The 2"  ^ law of thermodynamic states that, the 
reaction changing properties of the system is spontaneous if  only it increases the total entropy
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of the system together with the surroundings. The first law of thermodynamics, together with 
the principal of entropy, then states that any spontaneous reaction with the system must 
decrease the free energy (enthalpy) of the system (Trethewey and Chamberlain 1995). The 
change in the free energy of the system can be calculated by:
A G  =  A / /  — TAiS (2.14)
Where T is the absolute temperature in °K, and AH and AS are the enthalpy and the entropy of 
the system. Equation 2.14 implies for negative values of AG the metallic oxidation reaction 
(equation 2.15) is thermodynamically possible, while for positive values of AG it is not.
M = M ' ' ^ + n e  (2.15)
Where, M  is the metal atom and AG is the metal and n is the number of electrons involved in 
the process.
The change in the free energy of the system can also be associated to the potential of metals in 
equilibrium. That is, metals with high potential have more free energy than the one with less 
potential and as a result have more driving force for corrosion process. Hence, metals sueh as 
manganese, zinc, or iron with more negative potential value (high potential) would have a 
tendency to corrode more than those with a less negative potential. The free energy of a metal 
(AG) can be calculated by Faraday equation:
A G  = zFE  (2.16)
Where z is the number of electron transferred in the corrosion reaction, F  is Faraday number
and expressed as the charge transported by one mole of electron and has the value of 96494,
and E  is the potential of the metal and is measured in volts.
The following section explains the corrosion mechanism of iron in wet environment in greater 
details.
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2.4.3 Corrosion of ferrous alloys in aqueous environment
In the context of the UK water industry as cast iron pipes account for much of the network 
structure and in most case are buried in wet ground or moist soil, the emphasis of this 
literature is on the corrosion of iron in aqueous environments. Corrosion in aqueous 
environment requires four features to take place. These are:
• An anode, site at which the oxidation occurs (loss of electrons)
• A cathode, site at which the reduction occurs (electron gain)
• An electrical circuit, which connects anode to cathode
• An electrolyte circuit, or conductive medium, to enable ion transport
An anodic reaction is the electron producing reaction (oxidation). Anodes corrode by losing 
electrons and forming discrete ions (Equation 2.15). These ions often enter the solution but 
they may react with the other species at the interface of the metal. A cathodic reaction on the 
other hand is one that consumes the electron generated at the anode (e.g. equation 2.17). 
Generally speaking, the most common cathodic reactions in aqueous environment are oxygen 
reduction and hydrogen evolution reaction. The rate of the corrosion process is dictated by 
the slowest stage in the reaction and the physical environment in which it occurs. The 
mechanism by which the corrosion rate is controlled can be categorised as either activation 
polarisation or concentration polarisation. In activation polarisation the rate of the corrosion 
process is typically controlled by the transfer of electrons across the metal/liquid interface, 
while, in concentration polarisation the corrosion process is controlled by the rate of diffusion 
of oxygen ions or some other ion species in the solution (Evan 1976).
Corrosion in ferrous alloys may happen in different forms depending on the variation in the 
corrosiveness of the environment and diversity of corrosion reactions. When steel corrodes in 
an aqueous environment, the rate of dissolved oxygen present in the solution can be one of the 
controlling factors of the corrosion rate. In neutral waters free from dissolved oxygen, rate of 
corrosion are usually negligible. The presence of dissolved oxygen in water can generally 
accelerate the cathodic reaction; and consequently the corrosion rate can increase in 
proportion to the amount of available oxygen for diffusion. In anaerobic reactions, the 
reaction which does not require oxygen to proceed, water molecules constantly dissociate to:
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H ^ O ^ ( O H y  + H^  (2.17)
In the presence of oxygen, water molecules can reduce to:
O2 +  2 U 2 O  +  Ae —^  4 (0 /7 )  (2.18)
Two other important reduction reactions may occur at the cathode in acidic solution. A two 
step process by which hydrogen gas is formed are:
+  (2.19)
2H  -» H 2 (2.20)
The rate of oxygen reduction depends on the level of dissolved oxygen and it is high in 
aerated solutions. Hydrogen evolution reaction and formation of hydrogen gas is also 
possible, but the reaction varies with pH and it is more likely at low pH where the
concentration of H^ is high (Evan 1976). Both oxygen reduction and hydrogen evolution
reactions are very important as either of these reactions will consume the electrons produced 
by the anodic reaction. This will establish a current flow with electrons flowing from the 
anode to the cathode. The simple dissolution of iron to Fe^  ^species provides electrons for the 
oxygen reduction process and further dissolution to Fe^  ^and its oxidation to Fe^ .^
F e ^ F e ^ ^ -v 2 e ~  (2.21)
AFe^  ^ +  C>2 ^  AFe^  ^ + 20^" (2.22)
Where, Fe^^ and Fe^  ^ are ferrous and ferric irons. Ferrous, or iron II, is the iron with 
oxidation number of II. Ferric, or iron III, is the iron with oxidation number of III and the 
most stable form of iron. Unlike iron II species, oxide of the iron III species tend not to 
adhere to the bulk and will delaminate from the surface exposing fresh iron until all of the 
iron is consumed or all the oxygen is removed from the system.
Ferric and ferrous ions in the presence of water are likely to form ferric and ferrous hydroxide 
by the following reactions:
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+ IH^O Fe{0 H )2 +  2/7+ (2.23)
Fe^^ + 3/72(9 Fe{OH\ +  3/7+ (2.24)
FeiO H y -^FeO +H ^O (2.25)
Fe{OH), -> FeO{OH) + H^O (2.26)
2FeO (OH ) ^  Fe^O, + H^O (2.27)
+  H 2 —^ 2 Fe^0  ^+  H 2O (2.28)
The final corrosion product is dictated by the thermodynamics, the kinetics of the corrosion 
and the supply of dissolved oxygen and pH of the environment (Misawa 1973; Misawa et a l 
1974; Misawa a/. 1974).
In low concentrations of dissolved oxygen the formation of FeO and Fc304 is favoured. FeO 
or Wustite is thermodynamically unstable iron II oxide and decomposes to Fe and Fc304 , a 
more stable iron ore. Fc304 or Magnetite, which is also formulated as FeO.Fc203 , is a stable 
oxide film with high electron conductivity. It is usually encountered as black powder and 
contains both Fe^”^ and Fe^  ^ions and is present on the surface as passive protecting film, a thin 
iron oxide layer that adheres to the surface of metal and protects it fi*om further corrosion, in 
anaerobic environments.
In highly aerated environment, however the formation of ferric hydroxide products such as 
Fc203 is more likely. Fc203 or Hematite (also widely known as red rust) is a stable oxide 
film, which is insoluble in water. It is usually a non-adhering product and easily delaminates 
from the surface. It is found in solid form in red colour and it is usually formed in an aerobic 
environment (King 1994).
In the case of cast iron water pipes, the corrosion mechanism and hence the final corrosion 
product on the inside and the outside of the pipes can vary significantly due to differences in 
the environments. That is, the inside environment of the pipe is aerated due to the flow of the 
water, while the outside environment are expected to vary depending on the pH, humidity 
(degree of saturation), and oxygen content of the surrounding soil. The next section focuses 
on the thermodynamics of the corrosion reaction of iron and the effect of the pH and oxygen 
variation in the formation of the corrosion products.
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2.4.3.1 Thermodynamics of the corrosion reaction
The thermodynamic driving force for the corrosion reaction is the potential of the iron and is a 
function of the concentration of the ferrous ions (Trethewey and Chamberlain 1995). 
Degradation of iron via the half cell reaction (equation 2.21) results in the generation of 
electrons, which are mostly consumed by the half cell cathodic oxygen reduction reaction, and 
the establishment of a potential on the surface of iron electrode. The potential developed by 
such cells is a result of an attempt to reach equilibrium, and may be calculated theoretically by 
using the Nemst Equation for a half-cell/cell under standard conditions.
RT
^  Cell ~ ^  Cell “* ^  (2.29)nr
Where, Q is the ratio of the concentration of the oxidised and reduced species in the corrosion 
reaction.
Substituting both oxidation and reduction half cell reaction of the iron in equation (2.29) it 
can be concluded that the potential of the cell depends on the concentration of both products 
and reactants. Hence the concentration of [H]^ and [OH]' of a solution can determine whether 
a corrosion process is likely to happen and if  happens what products are expected. While the 
thermodynamics of the process gives us useful information regarding the likelihood that a 
corrosion reaction can occur, it says nothing about the rate at which this reaction takes place. 
In the context of the water industry it is very important to appreciate the role of kinetics of the 
degradation process effecting cast iron pipes and quantify the rate at which the pipes are 
corroding. The following section investigates the kinetics of the corrosion reaction in more 
details.
2.4.3.2 Kinetics of the corrosion reaction
When an electrode is immersed in a solution of its own ions a dynamic equilibrium is 
eventually established, at which cathodic and anodic reactions still occur but at the same rate 
and no net current will flow from anode to cathode (Shreir et a l 1994). When this 
equilibrium is disturbed and ions diffuse out of the electrode faster than they are plated in, a 
current flows in the circuit and the electrode is said to be irreversible. The change in the
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potential from the equilibrium condition is called polarisation or over potential and the metal 
acts as an anode. Under this condition, the potential of the anode moves towards the cathode 
and vice versa. The amount of polarisation potential is directly related to the intensity of 
current, 4, that flows from anode to cathode, which in turn is a function of the area of the 
electrode. To eliminate the effect of electrode area on the calculation of corrosion rate the 
corrosion current density, icor, is used as it is more useful than the corrosion current
(Trethewey and Chamberlain 1995). That is, although corrosion current indicates the amount
of anodic reaction, it does not tell us intensity of the attack. The corrosion current density, 
which is the corrosion current divided by the electrode surface area gives us a measure of the 
average intensity of corrosion. The relationship between the over potential and the current 
density is shown by the Tafel equation. In the Tafel equation the corrosion current density is 
related to the polarisation potential, rj, and can be written for both the anodic and cathodic 
process:
Ra =  P a  lo g  h  -  Pa  lOg h  (2-30)
ric =  P c  l o g  h  -  P c  l o g  h  (2 .31)
Where, io is the exchange current density, ia and ic are anodic and cathodic current and Pa and 
Pc are anodic and cathodic Tafel constants which are defined as:
^ 2.303i?r
Where, a is the charge transfer coefficient, which shows the changes in potential for the anode 
and cathode as a function of the corrosion current, 4or-
Examination of Tafel equation in the form of equations (2.30 and 2.31) is represented in 
Evans diagram (Figure 2.29). It can be seen that slope of the line for either of the two process 
is equal to the respective p  constant. It should be noted that the total rate of anodic process is 
exactly equal to that of cathodic process because the rate of consumption and generation of 
electron must be equal.
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Figure 2.29 Evan’s diagram (Trethewey and Chamberlain 1995)
Hence the kinetics of the reaction is determined by the slowest reaction step in the corrosion 
process. Hence it is possible to reduce the rate of the anodic process by slowing the cathodic 
process e.g. controlling the concentration of oxygen in the solution. For heterogeneous 
materials, such as grey east iron, the corrosion process is known to be a function of its matrix 
mierostructure. It is reported that non-metallie phases and inclusions in the mierostructure 
play an important part in the corrosion process (Lunarska 1996; Lunarska 1997).
In the context of cast iron pipes buried in the ground the environment inside and outside of a 
pipe are both important factors in determining the life cycle of the pipe. Corrosion of the iron 
pipes in soil is considered to be aqueous, but the condition can range from fully immersed 
solution to atmospheric, depending on the soil compactness and water content and can range 
from rapid to almost negligible (Chaeker and Palmer 1989). In a dry soil, the condition can 
be thought as atmospheric and the corrosion rate is negligible compared to when the pipe is 
constantly washed by flowing water (the fully immersed condition). Furthermore, the 
variation in soil composition can result in different environments acting on different part of 
the surface of the same metal, which can give rise to different corrosion rates. Hence variation 
in soil type and its content, pH and oxygen level and the mierostructure of the pipes can result 
in different corrosion mechanism, which is explained in some details in next section.
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2.4.4 Types and form of corrosion in grey cast iron pipes
As outlined in section 2.3.3, in a corrosion reaction the current flows from the higher potential 
electrode (anode) to the lower potential electrode (cathode) in the presence of a conductive 
electrolyte for the transport of the ions. The anode and cathode may be separate metals in 
electrical contact (macro) or may be different areas of the same component (micro) in which 
case the metallic circuit is internal. Depending on the homogeneity of the electrode material 
and the solution two types of corrosion process can occur. When the structure exhibits a 
uniform thinning without any appreciable localised attack, the term “general corrosion” is 
used. However, when corrosion is concentrated in some particular area the term localised 
corrosion is used. There are various types of localised corrosion that can occur such as 
pitting, crevice, and intergranular corrosion.
Pitting and crevice corrosion typically occur when local reactive areas, where any protective 
oxide film has been removed from the metal surface, become stable anodes. Intergranular 
corrosion occurs at grain boundaries as these regions are more reactive than the constituent 
material in grains and become anodic and corrode preferably. When considering corrosion at 
the micro-level, corrosion is the result of galvanic coupling between the features of the 
mierostructure, which act as micro anodes and cathodes.
Galvanic corrosion is the result of contact between two different metals or alloys in a 
corrosive environment and results in acceleration of corrosion of some of the constituent 
metallic phases (Figure 2.30).
Figure 2.30 Micro anodes and cathodes on the surface of a same material, (Fontana 1986)
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Whether general or localised corrosion occurs depends on the distribution and concentration 
of each phase and their relative corrosion tendency. At the macro-level corrosion can be the 
result of physical differences between some parts of the mierostructure. It can be different 
material in the mierostructure or a region of high concentration of some phase of the 
mierostructure and grains with low relative nobility compared to the other part of the 
mierostructure, which lead to potential differences between these parts. The follows sections 
discuss the different types of uniform and localised corrosion in grey cast iron material in 
more detail.
2.4.4.1 Uniform or general corrosion
Uniform corrosion of a metal is the most common form of corrosion occurring under normal 
service condition (Trethewey and Chamberlain 1995). Uniform corrosion commonly occurs 
on metal surfaces having relatively homogeneous mierostructure on the scale of anode and 
cathode sites. At the micro-level uniform corrosion is an electrochemical reaction between 
adjacent grains or phases of the mierostructure defined as micro-anode and micro-cathode. In 
the case of grey east iron, because of its complex multiphase mierostructure, such anode and 
cathode site may arise on a surface from differences in the constituent phase, or from 
variation in the surface coating, or from micro-variation in the electrolyte. Uniform corrosion 
in flaked grey east iron pipe is reported to be less severe and occur along side localised 
corrosion such as pitting, which is the most common form of corrosion observed in grey cast 
iron pipes and is frequent under normal service condition (Ajeel and Hason 2008).
2.4.4.2 Localised corrosion
This section considers the situation where corrosion is accelerated because it is limited to 
particular sites (localised). Such localised corrosion can be attributed to factors such as, 
variation in the composition of the environment, discontinuity of the protective film, 
imperfection on the lattice structure, e.g. inclusions (Figure 2.31). Locations in which 
localised corrosions occur are determined by factors such as the metallurgical structure of the 
metal and the local geometry.
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Figure 2.31 Pitting corrosion of steel, pitting initiating at a MnS inclusion in stainless steel, (Baker and Castle 1993)
There are three major factors known to play important parts in localised corrosion (Shreir et 
oA 1994).
• The ratio of cathode/ anode areas
• Oxygen concentration
• pH changes
The cathode to anode area ratio is considered an important factor in corrosion. A larger 
cathodic to anodic area will result in a much higher flow of electrons from anode to cathode. 
This type of corrosion is considered to be more dangerous than uniform corrosion damage 
because it is more difficult to detect, predict and design against. Similarly, a local pH change 
of an area on the surface of a metal can result in localised corrosion. If the pH gradient of a 
local area changes in an increasing manner from the surface of the metal, it may result in an 
increase in the acidity of the local area. As the concentration of [H]^ increases and the 
environment becomes more acidic (low pH), the protecting oxide film tends to become 
soluble. Thus, dissolves as it is formed rather than depositing on the metal surface, resulting 
in a higher corrosion rate (Shreir et al. 1994).
In the ease of ferrous metals such as cast iron electrons will flow Ifom the region of high pH 
to the region of the low pH. Variation of the oxygen concentration on the surface of exposed
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metal can potentially lead to localised corrosion. Lack (or uneven distribution of oxygen) is 
believed to be the driving force behind the mechanism of the localised corrosion such as 
pitting, which is further explained in following section.
2.4.4.3 Oxygen concentration cells/ Pitting
The term concentration cell is given to an electrochemical cell that has two equivalent half- 
cells of the same material differing only in concentrations. There are few types of 
concentration cells amongst which oxygen concentration and active-passive cell are the most 
prominent ones for cast iron pipes buried under ground (Mulheron 2010).
Oxygen concentration cells on the other hand exist when a metal of uniform nature and 
composition is exposed to a heterogeneous aqueous environment. When oxygen is not 
diffused in an aqueous solution uniformly, concentration cells can develop creating a 
difference in oxygen concentration between two points. Nemest (Equation 2.29) related the 
potential of the half cell reactions to the concentration of the species in the reaction. That is, 
if the concentration solution of anodic species increases the potential of the cell becomes 
more positive, meaning the reaction has greater tendency to take place. Anodic dissolution 
will occur at the area of low-oxygen concentrations. Cavities in metal surfaces and in 
particular metal surfaces coated, or covered by another material, are prone to oxygen 
concentration cell attack. This is because of oxygen diffusion into cavities is impeded and 
hence causes the establishment of the region of high and low oxygen concentration, which 
results in the establishment of localised anode and cathodes (Figure 2.32).
Active-passive cells can also develop on the surface of metals depending on the nature of the 
adhering passive oxide film. This kind of cell forms in the areas where the passive film is 
broken and the metal beneath the film will be exposed to corrosive attack and become active. 
This establishes an eleetrieal potential between the large passive film area (the cathode) and 
the small area of the anode (active metal), resulting in rapid corrosion of the active metal 
leading to the formation of the stable pit (Figure 2.32).
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Figure 2.32 Corrosion of steel under droplet of water (Trethewey and Chamberlain)
Although localised corrosion is the most sever type of eorrosion (its greater eorrosion eurrent 
results in loss of a pipe seetion and likely failure), however it is extremely diffieult to prediet 
the exaet loeation and the rate of the pitting eorrosion in east iron pipes. On the basis of this, 
this literature review foeuses on quantifying the average eorrosion rate and understanding the 
general eorrosion meehanism for different elass of cast iron pipes in a range of environments 
by employing different teehniques.
2.4.5 Techniques for measuring the corrosion rate of cast iron
The field of corrosion measurement covers very broad teehnieal aetivities. These teehniques 
are employed to measure the rate at which the metal loss is oeeurring. Corrosion 
measurements aim to be quantitative (due to the limitation over defining the anode area) and 
enable a predietion of the performanee of the material under study. Corrosion rate can be 
estimated from the average eorrosion eurrent density (Cor)- Faraday’s law relates the eurrent 
flow to mass by:
Q  -  z F M  (2 .34)
Where, M= W/m, where W is the mass of species that has reacted, m is the total mass, and Q is 
the eharge generated from reaetion, F  is the Faraday number and z is number of eleetron 
transferred per mole or atom.
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By substituting in equation (2.34) for charge Q= It, where /  is the eurrent and t is the time in 
seeond equation 2-26 is modified to:
—  = (2.35)
Where, icor is the corrosion current density and is caleulated by dividing the current generated 
in the eleetrode by the surface area of the electrode, A.
The average penetration rate may also be ealculated from density of the metal by the 
following equation (Shreir fl/. 1994):
(2.36)
Where, Ax/t is the penetration rate and p is the density of the metal.
There are a wide variety of teehnique exists for measuring the corrosion rate of metal in 
aqueous environment. These techniques enable us to study a metal sample of few cm^ in 
surface area and use this information to predict the behaviour of the same metal in a corrosive 
environment. The following section describes the most prominent techniques for measuring 
the corrosion rate of metals.
2.4.5.1 DC polarisation technique and Tafel plot
In section 2.3.5 it was noted that in order to measure the eorrosion rate of an electrode in an 
aqueous environment a knowledge of corrosion current is required. Corrosion current can not 
be measured directly. In most cases it is estimated from a plot of log current versus potential 
curve over a range of about 0.2-0.5 volts. This plot is obtained by applying a potential sweep 
centred on the corrosion potential and measuring the subsequent corrosion current (Figure 
2.33). The current measured from each anodic and cathodic reaction depends on the 
electrochemical potential of the metal.
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Figure 2.33 Typical Tafel plot of log current vs. potential (Shreir el at. 1994)
The value of either the anodic or cathodic reaction is called the corrosion current and it can be 
estimated using electrochemical techniques. Julius Tafel formulated the electrochemical 
reaction of a half cell reaction as (Trethewey and Chamberlain 1995):
2.303
(2.37)
Where, i is the current resulting from the reaction, io is the exchange current, E is the 
electrode potential, and is the reaction coefficient or Tafel slope. The Tafel slope is related 
to the number of electron involved in the charge transfer in the corrosion reaction and has unit 
of volt per unit decade.
The Tafel equation both for anodic and cathodic reaction in corrosion system can be described 
by the Butler-Volmer equation as (Trethewey and Chamberlain 1995):
y ^^2.303(E -E (:,,)/;g , _ ^ -2 .3 0 3 (E -E ^ ,,) / ;g ,^
(2.38)
Where, Co,- and Ecor are the corrosion current and potential, and /C and /C are the anodic and 
cathodic Tafel constants.
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Equation (2.38) reveals that at a potential equal to the corrosion potential both exponential 
terms become equal to 1, therefore zero current is generated. At a potential near the corrosion 
potential however, both exponential terms contribute to the overall current. Finally at a 
potential far from corrosion potential, one potential term predominates and the other one can 
be ignored (Trethewey and Chamberlain 1995). In this situation the Tafel plot becomes a 
straight line (Figure 2.33).
Although the Tafel plot provides a good average corrosion rate, a fundamental drawback of 
this technique is that surface charges can be altered at relatively high polarisation level. To 
circumvent this problem the potential scan rate should be extremely low, which in turn makes 
the test time consuming. Linear polarisation resistance, which is based on the same principle 
as Tafel, can be a good alternative to the Tafel technique.
2.4.S.2 Linear polarization resistance
When restricting the potential sweep to values near the corrosion potential, the plot of 
polarised potentials often behave linearly with respect to the current density. That is, by 
plotting a graph of E  (polarisation potential) vs. current density, and plotting the net cathodic 
current density as negative and anodic as positive, it can be seen that a narrow range of the 
graph on either side of Ecor is approximately linear. The slope of the line for this linear region 
is defined as the polarisation resistance of the metal. Stem and Geary showed that in the 
region of linear polarisation the corrosion current can be calculated by (Shreir et a l 1994):
P aPc (2.39)
Where, Rp is the polarisation resistance and defined as the slope of the potential-current 
density curve.
The resultant current can then be used to calculate the corrosion rate of the electrode using 
equation (2.36). The DC polarisation technique is widely used due to its simplicity; however 
one of the drawbacks to this technique is the estimation of the Tafel constants for the 
calculation of the corrosion rate. There are other techniques such as EFM that have the
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advantage of facilitating direct estimation of Tafel constants and eorrosion rate, which is 
explained in some details in the next seetion.
2.4.S.4 Electrochemical Frequency Modulation (EFM)
Unlike the polarisation resistance technique that requires the Tafel constant to calculate the 
eorrosion rate, EFM can calculate the corrosion rate without needing the Tafel constant. EFM 
is an electrochemical technique in which two sinusoidal potential waves of different 
frequency are summed (Figure 2.34) and applied to the eleetrode and the response in the form 
of resulting eurrent is measured (Bosch et al. 2001).
rj = û)^ t + 4) sin 0 4 (2.40)
Where, r} is the over potential, Aq is the amplitude, and coi and C02 are the angular frequency of 
the potential perturbation.
Time i = f(E)
Frequency
Figure 2.34 Schematic showing the principle of EFM technique (Bosch et al. 2001)
The resulting signal is converted from the time domain to the frequency domain and measured 
at the fundamental frequencies {coi, C02), at the hannonie frequencies (2 co/, Jcoj,... 2 co2, 
3 co2 ...), and the intermodulation frequencies {(Oi±co2 ,2 coi±co2, 2 co2±cOj,...) (Figure 2.35). 
Since eorrosion is a non-linear process, the response of the system is bound to contain a non­
linear component, which is higher harmonic of the frequencies as well as the intermodulation 
components.
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Figure 2.35 Harmonic and intermodulation frequencies resulting from the basic frequencies 2 Hz and 5 Hz
2.4.6 Research to date on the corrosion of grey cast iron material
The corrosion degradation of east iron pipes can be considered over times ranging from days, 
to years and decades. Many studies have been carried out to determine the corrosion 
behaviour of east iron specimens in aqueous environments of various degree of corrosiveness. 
Most of these studies have been conducted within the time-frame of hours and days. Such 
studies can be used to support the investigation of the fracture surface of a failed pipe.
It is reported that non-metallie phases and inclusions in the mierostructure of a grey east iron 
material play an important part in eorrosion process. That is, more noble phases such as 
graphite flakes and phosphide eutectic phases form a galvanic couple with less noble phase of 
the mierostructure such as ferrite and pearlite, which accelerates the eorrosion of the less 
noble phase.
Melchers (Melehers 2002) after conducting experiments on east iron specimens concluded the 
environmental factors such as concentration and temperature have also effect on the kinetics 
of the reaetion process.
Telmanova (Tel'manova et al. 1980) have reported that the shape and size of graphite phase in 
the matrix largely determine the eorrosion rate of east iron.
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Lunarska (Lunarska 1996; Lunarska 1997) reported that the corrosion rate of cast iron is 
significantly infiuenced by microstructural features such as the ferrite and eutectic phases of 
the matrix. Although ferrite has an excellent passivation capacity it is reported that when it is 
coupled with more noble materials in the matrix it shows a poor ability to passivate and 
pitting is the main type of degradation (Ruscak and Pemg 1995). Krivosheev et al 
(Krivosheev et a l 1973) reported a higher corrosion resistance for pearlitic matrix while 
Jeong et al (Jeong and Kim 2001) reported a severe eorrosion of the pearlite around the 
graphite phase in the matrix.
The presence of anions such CT is also reported to increase the exchange current density and 
consequently the corrosion rate for iron and iron alloys. The solution of sodium chloride is 
believed to buffers the electrolyte conductivity, which is the ability to transport the charges or 
the ions (Duh et a l 1990; Makar and Tromans 1996; Melchers 2002; Zhao and Zuo 2007).
For a buried grey cast iron pipe, the maximum external eorrosion rate for various type of 
corrosive environment (various pH level, phosphide and chloride content) has been reported 
to range between 0.33-0.52 mm/year. Typical internal corrosion rate for grey cast iron pipes 
are less than the external one and are reported to be between 0.029-0.179 mm/year (Williams 
et al 1974, Sears 1968).
2.4.7 Graphitisation of cast iron
Graphitisation is the term given to the corrosion of grey cast iron. The graphitisation of grey 
cast iron is a result of its multiphase matrix among which the carbon phase in the form of a 
network of interconnected graphite flakes formed during the solidification process. Graphite 
presents as the network of interconnected flakes is the noblest phase amongst the other phases 
and is a good cathode. Because of this, a highly effective galvanic cell is established in the 
matrix, which leads to the preferential corrosion of the matrix, leaving behind a weak 
interconnected graphite network and some eorrosion products. Meaning, both ferrite and 
pearlite corrode in preference to graphite in their order of nobility. That is, having the highest 
relative reactivity ferrite corrodes faster than pearlite in the vicinity of a graphite flake. The 
larger graphite flake area, (the larger cathodic area), the more current is drawn from 
surrounding anodes, which is an attempt try to establish the equilibrium (between anode and
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cathode) by corroding and decreasing its energy level. This is particularly severe where there 
is intense concentration of cathode, which produces a local intense attack on the surrounding 
anode, which can in turn lead to pitting or perforation in the metal (Shreir et al. 1994).
In the context of water industry, graphitisation usually occurs on both inside and outside of a 
pipe. Sometimes just the surface of the pipe graphitises, forming a graphitic coating on the 
exterior, which acts as protective layer on the pipe leading to the long service life of the pipe. 
At other times, a plug of graphite develops in the pipe wall and often gradually enlarges at the 
presence of corrosive environment, resulting to a localised weakened structure. This can act 
both as stress concentration as well as reducing the pipe wall thickness, which compromises 
the ability of the pipe to withstand the service load. The resultant pipe surface looks normal 
as the remaining graphite gives the pipe a solid appearance, though it is weak enough to 
crumble by the smallest ground movement. Therefore, ability to estimate the remaining 
service life of the network requires the development of a good condition assessment tools 
both for maintenance and service, and rehabilitation of the network, which is the theme of the 
next chapter.
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2.5. Condition assessment of cast iron water distribution mains
Cast iron has been used extensively in many industrial applications, such as the water 
industry, for more than 150 years. As a result a large proportion of water transport and 
distribution system are comprised by an aging cast iron infrastructure which requires 
maintenance, and targeted replacement, for efficient operation of the network. Targeted 
replacement is of particular importance since the extent of these networks precludes an 
immediate transfer to other materials. In order to increase the effectiveness of identification it 
is necessary to have a reliable condition assessment tool by which the in service life of buried 
pipe can be predicted. It is generally accepted that the deterioration of a pipe reduces its 
capacity to withstand the service load. In particular corrosion is believed to be one of the 
main reason behind pipe deterioration and hence failure. A number of studies have focused 
on pipes that have been aged in service and investigate the effect of corrosion and corrosion 
pits on pipes overall performance (Rajani et a l 2001).
Based on an examination of the in-service failures of cast iron trunk mains, the majority of 
failures are of the wall fracture type, that are a result of the growth of a crack and subsequent 
breakage of the pipe, as opposed to corrosion wall pin-holing in material such as steel and 
ductile iron (Marshall 2001). Given an understanding of the service loading regime and the 
environment surrounding pipes, much of the literature regarding the prediction of the 
performance of the pipes have been attempts to address the likelihood of failure on the basis 
of whether a pipe has sufficient toughness to resist the imposed stresses by the service 
loading. Much of the literature on predicting the structural reliability of cast iron pipes is 
based on the consideration that the residual strength of pipes reduces as a result of corrosion 
process and take into aecount the eorrosion pit induced changes in the structural resistance 
capacity.
Rajani (Rajani and Makar 2000) focused on a physical deterministic model to estimate the 
remaining service life of grey cast iron main by considering that corrosion pits reduces the 
structural resistance of the pipes. The residual resistance of the pipes was calculated using an 
iterative model based on corrosion pit measurements and the anticipated corrosion rate.
The draw back to their proposed methodology is that it requires the measurement (direct or 
indirect) of pit depth, which may not be always feasible and available because of economical
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or operational eondition. The other drawback to this methodology is that there is a high 
degree of uneertainty involves in all the factors contributing to failure and their potential 
impact on the predicted remaining service life of water mains. The other problem is that the 
data required by these models, such as pipe age or surrounding soil properties, are often not 
readily available
Sadiq (Sadiq et al. 2004) developed a probabilistic methodology to predict the remaining 
service life of in service pipes based on the eonsideration that the residual strength of pipes 
reduces as a result of eorrosion process. Taken into aceount the eorrosion pit induced 
changes in the struetural resistanee capacity, they used a limit state based on the remaining 
strength of pipes. That is, if the factor of safety of an individual pipe segment fell below a 
minimum acceptable value set by the utility owner the pipe was eonsidered not to be 
serviceable. Monte Carlo simulation was used for this study to caleulate variables of their 
models.
Ahammed (Ahammed and Melchers 1997) proposed a model to estimate the probability of 
failure of cast iron water mains based on the pipe-soil interaction model described by 
Spangler-Watkins as their underlying mechanical stress model. A non-linear corrosion model 
was used to represent the loss of pipe wall thickness with time in the pipe-soil interaction. 
The probability of failure was then calculated by first order seeond moment (FOSM) method 
with the assumption that each parameter and independent variable had a normal distribution 
function.
Probabilistic models address some of the shortcomings of deterministic studies, such as need 
to the historieal data, measurement of pit depth and the effects of the uncertainties on the 
prediction of the remaining life of the water main. However, the main shortcoming with this 
approach is that there are few documented studies to validate the proposed corrosion model. 
Furthermore neither of the models proposed eonsiders the effect of the material and 
mierostructural variation of cast iron pipes on the mechanical and corrosion performance of 
the pipes (Angus 1978). The other drawback to these studies is that they make an assumption 
that all the grey cast iron pipes have the same strength, while it is known that the strength of 
cast iron pipes vary depending on the material and the thickness of the pipes. Moreover,
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these models do not include the stresses due to the pipe ring deflection, which can be 
significant.
Moglia (Moglia et ah 2008 ) derived a probabilistic failure model based on the consideration 
that the residual strength of the pipes decreases as a result of the corrosion process. The 
failure rate was then caleulated using a eomputer simulation (Monte-Carlo) both for real data 
(from the record failure) and random inputs and a best fit between historical and predicated 
rate was obtained.
Camarinopoulos (Camarinopoulos et a l 1997) proposed a methodology to assess the 
reliability of the pipes using the pit depth criteria and the load that was likely to cause failure. 
They used a power law eorrosion model for consideration of loss of wall thickness and Monte 
Carlo simulation for the caleulation of the reliability of the pipes. In this study the stochastic 
nature of corrosion, resulting from different environmental, and the randomness in the nature 
of the strength of the pipes, due to degradation of the pipes, was addressed. Nonetheless, no 
attention was given to the variation of the corrosion rate and the strength of pipes due to the 
mierostructural differences.
Yves (Yves and Patrick 2000) also described a method to ealculate the reliability of buried 
water mains using the maintenance record rate and using Weibull distribution as the 
underlying statistical function. The drawbaek is the fact that it relies entirely on the historieal 
data, which in most cases is unknown or poorly documented.
The impaet of graphitization on tensile and flexural strength was examined and compared 
with un-corroded cast iron pipes in a study conducted by Yamamoto (Yamamoto et a l 1985). 
They condueted a series of statie and dynamie tests to derive a relationship between tensile 
strength and the graphitization ratio through a series of static and fatigue tests of cast iron 
pipes. Although the use of graphitization ratio was acceptable for test specimens (as the 
graphitization has a defined eross-sectional area across the sample) the derived relationship 
can not be direetly used in practice. This is due to the variation of the graphitisation through 
a pipe as only a portion of it has undergone graphitization where in the test material it was 
eonstant for the whole speeimen.
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Having analysed the fractured surfaces of some failed specimens from in serviee small 
diameter cast iron pipes, Atkinson (Atkinson et al. 2002) suggested that the mode of failure 
of small diameter pipes may be associated with flexural loading. In that report it was shown 
that the flexural strength of the speeimens taken from areas close to the failed sections had 
degraded appreciably compared to that expected for “new” pipe. In another study (Mulheron 
and Smith 1997) a Weibull statistic model was employed on a series of specimens taken from 
ex-service pipes. The signifieance of using Weibull statistic was that the effect of various 
defect populations on the strength of the speeimens eould be investigated. The data generated 
from this study were later on used as the basis for another study (Priekett et al. 2001) on 
understanding trunk main failure. (Le Gat and Eisenbeis 2000) proposed a model based on 
Weibull statistics to support the network rehabilitation programme for Norwegian water 
authority. His model required historical data such as failure, repair, and maintenance to 
detect the pipes with the highest risk of failure.
Najjaran (Najjaran et al. 2006) used a fuzzy logic approach to predict of the structural 
reliability of trunk mains based on the backfill soil properties. The model was based on 
corrosion deterioration of the pipes as it was assumed that the environments surrounding 
pipes are the primary contributory factor controlling the corrosion of pipes.
2.6. Concluding Remarks
Most of the present literature focuses on the derivation of a probabilistic failure model based 
on the strength of cast iron pipes and the infiuenee of the corrosion product. The fact that 
corrosion reduces wall thickness of the pipes, and hence the ability of pipes to withstand the 
in service loads has been the main theme of most studies. These studies have little or no 
attention to quantify the corrosion rate in relation to the underlying mierostructure of the 
pipes. Besides, despite the faet that fatigue can be a major contributory factor towards the 
failure of cast iron pipes, there has been little work on characterisation of fatigue of pipes. 
Furthermore, taking into aecount that the time dependant defects e.g. eorrosion pits can 
become worse in service, it is important to understand the performance of pipes in the 
presence of growing defects.
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In the light of this, based on the available literature it is possible to identify a number of areas 
for more detailed investigation.
1. Determination of the mierostructure and elemental composition of delivered samples 
(each from a different failure event).
2. Characterisation of the fatigue behaviour of samples taken from ex-service pipes in 
order to investigate the possible role of fatigue in failure of the pipes.
3. Caleulation of the corrosion rate of samples the mierostructure of which are 
representative of a particular type.
The purpose of this investigation is to investigate each of the above outlined areas in order to 
develop a better understanding of failure meehanisms of in service cast iron trunk mains. 
Such knowledge will help the water industry with the development of an asset life model, 
whieh will enable a more efficient network rehabilitation proeess based on targeting the areas 
identified as potentially critical.
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Chapter 3 Materials and test methods 
3.1 Overview
This chapter is divided into three sections covering the materials used for the experiments, the 
sample preparation, and the experimental methodology for each test. The experiments are 
condueted in three main areas as follows:
1. Characterisation of the material type and mierostructure using:
• Optical microscopy for the characterisation of the mierostructure
• Electron microscopy for determination of the chemical composition
• Brinell Hardness test for determination of the hardness of the pipe materials
2. Characterisation of fracture and fatigue properties using:
• Three point bending test to obtain the fraeture toughness of the pipes
• Single notch fatigue test for the characterisation of fatigue properties
3. Charaeterisation of the corrosion behaviour (and rate) of specimens exposed in three 
environments (static water, aerated water, and 3.5% NaCl solution of aerated water) 
using:
• DC linear polarisation and Tafel plot,
• Electroehemical Frequency Modulation (EFM),
• Investigating the eorrosion products formed using XPS and XRD,
This chapter starts with a presentation of the material used for the experiments, detailing 
where these materials came from and their condition. The chapter then focuses on each of 
above areas in the same order as it is outlined above, where each section explains sample 
preparation methods and then outlines the experimental proeedure and methodology 
developed for conducting of the experiments. The results of these experiments are presented 
in Chapters 4-6.
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3.2. Materials used
Sections from ex-service water trunk mains (identified as Pipes 1-9) have been used for the 
experiments. Details of the nominal pipe diameter and wall thickness as well as the observed 
eondition of the pipes, date of installation and burst event are given in Table 3.1.
Table 3.1 Details of the pipes investigated in the present study
Pipe Location B urst 4» Installation C onditionEvent in. m (Plate, as received)
1 W alton Main, 30 Nov 48 1.22 Walton to Brixton Plate appears to be in good condition, with little evidenceAmen Comer 2005 Main Pipe - 1923 o f graphitisation and no inner wall tubercles.
2 Old Lady Cromwell Road
9 Mar 
2006 42 1.07 -1920
Plate appears to be in good condition, with little evidence 
o f graphitisation and no inner wall tubercles.
3
Grand Junction 
No. 2 Main, High 
Street, Acton
7 Jan 
2006 30 0.76 1924
Heavily graphitised at the outer surface with the adhering 
tenacious material attached on the outer-layer. Although 
the inner surface does not appear to be heavily graphitised, 
there are large numbers o f tubercles present.
4 Kingswood Drive, Crystal Palace
8 May 
2007 18 0.46
Crystal Palace 
1882
In general, pipe in apparently good condition with little 
sign o f corrosion . Location material attached, which has 
formed a tenaciously adhering outer-layer around the pipe.
5 Blackfen Road 12 Mar 2004 24 0.61 1889
Apparently in good condition includes some samples from 
the region o f failure.
6 Seven Sisters Road
31 May 
2007 36 0.91 Unknown Not seen
7 Norbury Hill N/A 12 0.30 1935
Apparently in comparatively good condition, but upon 
cutting samples for testing, extensive graphitisation was 
revealed. Some graphitisation nearly full wall thickness.
8 Oxford High Street
16 Dec 
2006 18 0.46 Unknown Not seen
9 King’s, Street Hammersmith
Jan
2006 21 0.53 1856
In general, pipe in apparently good condition Location 
material attached, which has fonned a tenaciously adhering 
outer-layer around the pipe.
Figure 3.1 demonstrates the extent of the graphitisation observed both on the exterior and the 
interior of the pipes.
23 mm30mm
Figure 3.1, a) Plates taken from Pipe 1 showing the condition of a failed in service pipe, b) Sample bars taken from different point on
the circumference of Pipe 3
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Large plates (approximately 450 mm by 450 mm) were cut from each pipe and a series of 
concurrent strips were cut from each plate (Figure. 3.1(b)). The test specimens were then 
machined from these stripes and prepared fro the metallurgical and mechanical testing.
3.3 Sample preparation and experimental procedure
In this section the sample preparation procedure for each set of experiments is explained. 
Each section starts with an introduction to the method, and its advantages, followed by the 
sample preparation and the experimental method.
3.3.1 Optical Microscopy (CM) and Scanning Electron Microscopy (SEM) examination
3.3.1.1 Introduction
Optical microscopy (CM) is valuable tool for the study of the microstructure of cast iron. The 
photomicrographs in this work depict the structure of the samples at a range of magnifications 
to reveal both the distribution of the graphite flakes and the features of the matrix throughout 
the specimen thickness.
Scanning Electron Microscopy (SEM) was used to allow the observation of the material at a 
much higher magnification than is possible with OM. SEM is also a semi quantitative 
technique (due to the carbon contamination from the diffusion pump) for the determination of 
the elemental composition of the various phases present in the microstructure by the means of 
Energy Dispersive Spectrometry (EDS). However, since the properties of cast irons are 
governed mainly by the microstructure and this only governed in part by the composition, the 
microstructure characterisation is the primary target of the OM and SEM studies in this 
section.
3.3.1.2 Sample preparation
For the metallurgical analysis sections have been taken from the strips that previously were 
cut from Pipes 1-9, and prepared for both OM and SEM. The samples were cut in a way that
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represented the entire wall thickness and were mounted in conducting Bakélite for the optical 
and metallurgical examinations (Figure 3.2).
Figure 3.2 Example of samples made in conducting bakeilte
The samples were first polished using a PEDEMAX-2 machine. The grinding was carried out 
using a series of abrasive grits down to a final size of 10pm. Final polishing was achieved 
using a succession of finer diamond spray resulting in 0.25pm surface finish. To fully reveal 
the structure of the specimens after polishing, an etching process was conducted using Nital 
reagent (2% nitric acid in methanol solution). A full polishing schedule is included in 
Appendix 1. For EDS examination the samples were encapsulated in conductive bakelite and 
then prepared (polished) following the same procedure outlined above.
3.3.1.3 Experimental procedure
Metallurgical examination was carried out to verify that each of the pipes was a grey cast iron 
and to determine its detailed metallographic microstructure. The microphotographs of the 
prepared specimens were taken using Axiophot optical microscope and the images were then 
analysed using Carl Zeiss Axiovision Rel 4.3 computer software. The photomicrographs 
were taken of successive sections that represented the whole sample thickness. This is
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photomicrographs were taken in various magnifications (25X, 50X, lOOX, 200X and 500X) 
across the thickness of the samples. The examination was done from the outer edge to the 
inner edge of the samples in 2 mm sections with intervals of approximately 0.2 mm between 
nominally concurrent sections for both as polished and etched condition. The results of the 
full examination of all the pipe materials are included in Appendix 2. A summary of the 
graphite type, size, and morphology is presented in Table 4.1 following (ASTM-A247-67 
1998). Samples that were prepared and encapsulated in conducting Bakelite were subjected 
to quantitative chemical analysis by employing EDS. This was carried out using a JEOL- 
LXA 8600. SEM data acquired from this analysis is presented in Appendix 3. The 
photomicrographs obtained from OM were analysed using Axiavision version 6.3 (an image 
analysis software) to determine the area percentage of the phases present in the 
microstructure. This data will be used in the characterisation of the microstructure of the 
pipes and will be used to compare the fatigue and fracture properties and physical 
electrochemical properties of specimens from different pipes later on in Chapter 4-7. The 
area percentage of the phases present in the microstructure namely graphite, pearlite, ferrite, 
and eutectic were measured and recorded in Chapter 4, Table 4.3 employing the following 
techniques:
Identifying graphite flakes percentage: Several regions of the samples from Pipes 1-9 were 
analysed in as polished condition. This was done by adjusting the light and contrast of the 
images to the threshold point, where the only dark objects were the graphite flakes. The area 
percentage of the graphite flakes (dark objects) was then measured and recorded, in Table 
4.3.
Identifying phosphide eutectic and cementite percentage: For the measurement of the area 
percentages of the eutectic samples were etched using Fierai reagent (2-4% picric acid in ml 
ethanol). Several regions of each sample were analysed and it was possible to identify the 
constituents which appear as dark markings in the form of both pseudo-binary or phosphide 
eutectic and ternary iron phosphide, iron carbide, and cementite
Identifying pearlite percentage: The samples etched with Fierai were further examined for 
the measurements of the area percentage of the pearlite phase. The advantages of using Fierai
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reagent is that it brings out the pearlite more evenly than Nital (2% nitric acid in ethanol) and 
does not affect ferrite/pearlite boundaries. Again several regions of the sample were analysed 
but this time by thresholding light objects. Pearlite percentage could then be calculated by 
deducting the sum of graphite flakes and phosphide eutectics (the percentage of the dark 
objects which was previously measured) and the light objects from the total 100%, (% Pearlite 
= 100 -  Graphite% - phosphide eutectic - Light %).
3.3.2 Hardness characterisation
3.3.2.1 Introduction
Hardness testing is a non-destructive test which is relatively easy to implement and provides a 
quick and simple method for measuring material property data. Hardness measurement can 
be conducted both on micro and macro scale depending on the application. Macro hardness 
testing is appropriate where the material is homogenous material or where identifying each 
individual feature of the microstructure is not required. Micro hardness testing can be used to 
give information about each individual feature of the bulk in multi-phase, non-homogeneous 
microstructure. For this set of experiments both micro and macro hardness tests were 
conducted. For cast iron samples, because of the multi-phase properties of the bulk, macro­
hardness value has been used only as an indicator of the overall hardness of the bulk material. 
Micro hardness testing was used to provide information regarding a particular phase of the 
microstructure.
3.3.2.2 Material and specimen preparation
Specimens from all nine pipes (one from each pipe) were prepared for hardness testing. It 
was possible to remove Sections that represent the entire wall thickness of the pipe and 
embedded them in bakelite. The specimens were put in to bakelite in order to get a flat 
surface for the test with the face representing the thickness of the pipe exposed. Samples 
were then ground to a surface finish of 25 pm for hardness test and polished to 5 pm 
following the polishing schedule out lined in Appendix 1.
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3.3.2.3 Experimental procedure
The hardness testing followed British standard test method (BSEN1SO6506-1 2005) using an 
Albert Gnehm Brinal hardness tester. To obtain hardness values that represent the overall 
hardness of the bulk it was necessary to use as large a diameter steel ball as possible. As the 
maximum supporting force of the machine was 187.5 kN, these tests were conducted using a 
2.5mm ball diameter to comply with the British standard. The test was carried out by 
carefully bringing the indenter in to contact with the test surface in a direction perpendicular 
to the surface in order to avoid any shock, vibration or over run. The duration of the test was 
15 second with the first few second to allow the applied load to reach the specified value. 
Then the diameter of each indentation was measured in two directions, perpendicular to each 
other, and the mean of the two values was recorded. The test was repeated over the thickness 
to obtain the through thickness hardness value of the samples (Figure 3.3). The overall 
hardness value of each sample was calculated by taking the mean of hardness values.
i.
life
Figure 3.3 Sample from Pipes 1-9 used in used in determination of the through thiekness hardness value. Arrow indicates the 
direction of the sequence of the indentation from the outer to inner face of the specimens
Micro-hardness testing was carried out using an INDENTEC micro-hardness tester. The 
micro-hardness test was carried out in order to corroborate microstructural examination
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regarding the identification of the phases. Areas tested in this examination were those that 
remained white in appearance after the etching process as the other areas could be identified 
from their appearance. That is, after etching the metallic matrix changed the colour respect to 
the phases of the microstructure. Areas/phases with alternate white and dark areas were 
identified as pearlite. The phosphide eutectic areas were also distinguishable from its herring 
bone pattern of iron in a matrix of iron phosphide.
3.3.3 Determination of fracture toughness
3.3.3.1 Introduction
This test method covers the determination of the plane-strain fracture toughness Kic for cast 
iron specimens for all nine pipes by employing the method of “load to failure”. For this set of 
experiment five specimens from Pipes 1-9 were subjected to a single edge notch beam (Figure 
3.4) configuration with induced fatigue pre-crack.
Figure 3.4 SENB configuration pre-cracked specimen for fracture toughness test
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3.3.3.2 Sample preparation
Five specimens from each of Pipes 1-9 were prepared for this test. The specimens were taken 
from bars of rectangular cross section, which were previously cut from the plates from ex- 
service failed mains, so that the span, S (which was parallel to the length of the pipe), was at 
least 100 mm. The full depth (wall thickness) of the plates was used to prepare the test 
samples, but the specimens were machined to remove the surfaces, thereby rendering the 
samples flat and removing any (surface) corrosion product. The machining reduced the 
sample depth by up to 2 mm. A notch, nominally one third of the depth of the specimen (i.e. 
7 - 1 0  mm) was machined into specimens (Figure 3.5). The detailed specification of the 
cutter is enclosed in Appendix 4.
Figure 3.5.Aii example of machined specimen chevron notched from Pipe 3
3.3.3.3 Experimental procedure
A single-edge notch beam (Le Gat and Eisenbeis) configuration was chosen for the fracture 
testing (Figure 3.4). This test configuration was selected because it was a relatively simple 
configuration to set up in comparison to the alternative configuration such as compact tension. 
As fatigue pre-cracking was a requirement for conducting the fracture toughness test (ASTM- 
E1820-01 2001), each specimen was fatigue pre-cracked using an Instron 8511 machine set at 
5 Hz and 10 kN maximum cycling load. The monitoring of the fatigue crack growth was 
done by employing a travelling optical microscope. To minimize the uncertainty over the 
crack length measured via optical microscopy, specimens were polished above the notch root 
(following the procedure outlined in 3.1.1) and photomicrographs were taken from the 
polished area before and after pre-cracking (Figure 3.6).
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Figure 3.6 An example of polished sample above the chevron notch from Pipe 3
A load shedding method was adopted to obtain a crack growth rate of the order of 10'^  
mm/cycle during fatigue pre-cracking and in this way a crack was grown from the tip of the 
machined notch until it extended around 2 mm from the tip. Typically it was possible to grow 
a pre-crack at a cyclic load corresponding to AX values of around 10-12 MN/m^^ .^ After pre­
cracking, the test was stopped and photomicrographs were taken in order to determine the 
exact length of the crack generated. Comparing the microphotographs taken before and after 
the crack initiation would minimise any uncertainty over length, direction, and the position of 
the crack as well as the identification of the main stream crack if crack branching occurred. 
The pre-cracked specimens were then loaded to failure in three-point bending in an Instron 
6025 (5500R) at a loading rate of 10 kN/min, following the requirements of (ASTM-E1820- 
01 2001) throughout.
The apparent fracture toughness, Xc, was calculated from the critical load, P, corresponding to 
a 5% secant departure from linearity on the load-displacement curve according to (see e.g. 
(Hertzberg 1996)):
P S
K i  = (3 1)
In equation (3.1), A denotes the span of the sample, B and W are the thickness and the depth 
of the specimen respectively, dind f(a/W) is given by (Hertzberg 1996):
3 (0 / IF ) 1/2
f \ a  /  W)  = ------------------------  X [1.99 -  (o /  W){\ -  a /  fV)(2. 15 -  3.93o /  fV + 2.1 )] (3.2)
Where, a is the crack length. Five specimens were tested from each of the nine pipes in order to 
determine the fracture toughness values. The thickness of the specimens, B, varied somewhat, 
but the ratio of WIB was in the range 1 < W/B < 2, as required by the standard. For plane
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strain conditions, the minimum breadth of the specimens should meet the requirement of .6 > 
2.5(X/c / o'zs’)^  where Kjc is fracture toughness and ays is yield stress. The extent to which this 
condition was met is considered in section 5.2.
3.3.4. Determination of the fatigue crack growth rate
3.3.4.1 Introduction
To be able to define whether fatigue phenomena and the propagation of an existing crack 
(either inherent or generated in-service) is a major factor contributing to the failure of in- 
service cast iron pipes, it is important to understand how a crack behaves and develops under 
a range of service loading. In this set of experiments, fatigue tests were conducted in three 
different loading condition as high, medium, and low in order to investigate the performance 
of the specimens under fast, medium, and slow fatigue experiments. That is, the fatigue test 
to failure below 10"^  cycles is considered to be a fast fatigue test while the test which fails 
within 10* -^10'  ^ cycles, and 10’^ -10’^  cycles are considered to be a medium, and slow cycle 
fatigue tests respectively. For this set of fatigue experiments a new method for recording and 
monitoring the crack propagation has been employed which circumvents the uncertainty 
involved with the conventional method of measuring the crack via a travelling optical 
microscope. Application of suitable strain gauges enables the detection of crack propagation 
at every 0.25 mm change in length. Fatigue experiment was conducted on both “as received 
condition” and the machined specimens in order to investigate the possible effect of the 
corrosion products on the fatigue performance of cast iron samples.
3.3.4.2 Experimental method
Five specimens from Pipes 1-3 and 9 were cut and prepared as outlined in section 3.3.3.2. 
Fatigue testing was carried out using a servo-hydraulic Instron 8511 with an automatic data 
logging system. A three point bending method was employed with a load ratio (X) of 0.1 and 
the loading frequency was 5 Hz, with the requirements of (ASTM-E647-86a 1986) followed 
throughout. Specimens were pre-cracked to about l-3mm beyond the notch root prior to 
testing (as described in section 3.3.3). Initiation and growth of cracks was observed with the
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aid of a travelling optical microscope. This was done in order to stop the test when the length 
of the propagated crack reached a length of approximately 2mm. After pre-cracking, the test 
was stopped and photomicrographs were taken in order to determine the exact length of the 
generated crack. Having generated sharp cracks of few mm lengths, crack propagation 
sensors (CPAOl manufactured by VISHAY Measurement Group) were then mounted on the 
surface of the prepared specimens (for both machined and as service condition). These 
gauges were mounted approximately 5 mm above the notch root in order to allow enough 
time, and room, for the crack to be stabilised by the time that it reaches the gauge (Figure
3.8). The gauges were then wired and connected to a VISHAY System-5000 data acquisition 
for the period of the test.
•r'fflgS
- g
Figure 3.7 Example of strain gauged samples for monitoring crack in fatigue test from Pipe 1
The CPAOl pattern incorporates 20 resistor strands with the same basic configuration (Figure
3.8). When each strand is broken, it produces stepped increases in resistance with successive 
open circuiting (see Appendix 5 for full details). This type of gauge allows the electrical 
determination of a specific point in the fracture process
A load shedding method was adopted to obtain crack growth rates of the order of 10^, 10'"^ - 
10’^  and 10’^  -10'^ mm/cycle for slow, medium and fast crack growth respectively at the outset 
of the fatigue tests. To achieve this, a AK value of 8 - 10 MN/m^^  ^was required. Fatigue tests 
continued until the specimen failure (Figure 3.9).
\-4
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Figure 3.8 Crack propagation strain gauge resistance chart as a function of strand fractured
Figure 3.9 Fatigue failed specimens from Pipe 3
The data acquired by VISHAY System-5000, which was in the fonn of the change in the 
resistance of the crack propagation pattern when crack breaks each strand in its wake, were 
then converted to miero-strain by Strain Smart (Version 4.22) software. These data were
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analysed by associating the micro-strain values, which were featured by the Strain Smart 
software, to the length of the crack for the corresponding elapsed time during the experiment. 
The crack length data, as a function of number of cycles, were fitted by a double-exponential 
function using the mathematical software Originpro (Version 8). This enabled the crack 
growth rate to be determined (see section 5.2) as a function of crack length and load level 
(and hence stress intensity factor) and so Paris-type plots could be produced.
3.3.5. Fatigue crack opening displacement (COD) investigation
In order to investigate the crack opening displacement during the fatigue test an experiment 
was carried out on a specimen from Pipe 2. The specimen was prepared with the same 
procedure as outlined in 3.3.4.3 but this time two crack propagation gauges were employed in 
order to capture a wider range of crack growth data during the test. A dynamic Instron clip 
gauge with 5mm gauge length was employed for the measuring of the crack opening 
displacement measurement. The clip gauge was connected to a computer controlled data 
logger, Instron 8511, which captured a minimum of 100 data per cycle. The specimen was 
prepared according to (ASTM-E647-86a 1986). For this test the minimum and maximum 
applied load was 0.8 kN and 8 kN respectively. The minimum cycling load of 0.8 kN was 
practically close enough to zero and this allow the measurement of the closure point to be 
defined. The advancement of the crack was also monitored by an optical travelling 
microscopy. The results of the investigation are presented in section 5.4.
3.6. Corrosion study
3.6.1 Introduction
Corrosion is considered to be one of the main reasons behind the deterioration of the in- 
service east iron pipes. Hence, it is important to understand how cast iron pipes corrode in 
their service environments over a long time scale (i.e. longer than hours, days or weeks). The 
corrosion experiment in this study was set up in three sets running parallel to each other, each 
resembling assumed environments to which pipes are exposed.
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1. The first set of specimens represents the scenario where pipes are exposed to static 
water and resembles the condition where an in-service pipe is surrounded by saturated 
soil or ground water.
2. The second set of specimens represents the condition when pipes are constantly 
exposed to flowing, neutral, water (aerated). This is thought to reflect the condition 
often encountered within a pipe carrying potable water.
3. The third set of specimens represents the condition where the pipes are exposed in the 
aerated solution of 3.5% NaCl and resembles the condition where the in-service pipes 
are laid in aerated corrosive environment, e. g. corrosive soil. It is important to note 
that we are not assuming that CT ions are a common feature of ground water. The 
3.5% NaCl is used only to increase the oxidation power in a controlled way.
The corrosion rate of the specimens exposed to the different environment was determined 
separately by employing three different methods namely weight loss, DC polarisation, and 
EFM. Employing different technique was designed to overcome the limitations of each 
method and provides a set of useful information when compiled with data obtained from the 
other techniques.
3.6.2 Sample preparation and Experimental methods
For this study machined sample bars were cut to the nominal size of 35 x 25 mm x the 
thickness of the plates, which were in the range 2 0 - 3 0  mm. The samples were then washed 
using 50% acetone, dried, and weighed prior to the exposure to the test solution.
Eight specimens from each pipe were used for aerated and three specimens for static 
experiment as described in 3.6.1. The specimens were placed on knife edge nylon bars in 
three different trays, one filled by tap water and the other two exposed to flowing water 
pumped from reservoir tanks, one containing tap water and the other salted water. Figure 
3.10 shows the general arrangement used to expose and monitor the specimens in the different 
test solutions used in this study.
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Figure 3.10 Example of the set up and the coupon specimens used for the corrosion study
For the static experiment 15 litres of solution was employed. For the aerated experiments 25 
litres of solution was required (15 litres in the specimen tray plus 10 litres of the solution held 
in the reservoir tank). For the flowing water environment, water was pumped from a 10 lit 
reservoir tank with a flow rate of 0.3mm^/s using a MULTI 1300 Water Feature pump from 
Pumpexpress.
Electrochemical measurements were carried out using a computer controlled Gamry PC14750 
potentiostat. Six month after the commencement of the exposure the open circuit potential for 
each specimen was monitored and recorded at 30 days interval. At the end of one year period 
of exposure the polarisation curve of the specimens were obtained. The study was conducted 
in a temperature controlled environment (23±1 °C). A saturated calomel electrode and carbon 
rod was used for reference and auxiliary electrodes respectively.
Following sections explains the methodology employed to measure corrosion rate of the 
specimens using three different techniques that was described in 3.5.1 in details.
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a) DC polarisation resistance and Tafel plot
Tafel plot and polarisation resistance data was obtained for all samples using a Gamry 
Framework version 5.5 and analysed by a Gamry Echem Analyst version5.5. Each sample 
was first subjected to a DC polarisation resistance with a scan rate of 0.25mV/s over a 15 
mV/s potential range. When the open circuit potential stabilised again, Tafel plot of each 
individual specimen was obtained by subjecting them to cathodic and anodic polarisation with 
the scan rate of 0.5mV/s on a range of 200 mV potential. The anodic and cathodic Tafel 
constants were obtained by taking the slope of the linear part of Tafel plot.
b) Electrochemical Frequency Modulation (EFM)
The corrosion rate of the specimens was also calculated by subjecting them to EFM analysis. 
A base frequency of 0.1 Hz was chosen so that the waveform repeats after 10 second. A 
small frequency of 0.2 and 0.5 Hz was chosen in order to minimise the capacitive influence of 
any double layers that might form (Shih et a l 1993; Song et a l 2002). For this set of 
experiment a perturbation signal with the amplitude 10 V for both frequencies of 0.2 and 
0.5Hz was chosen. Gamry EMF140 was used to perform the measurements of the corrosion 
current and the Tafel constants along with an Echem Analyst 5.5 software for analysing the 
data. The EFM technique has the advantage that the corrosion rate can be calculated without 
prior knowledge of Tafel constants. Current density and Tafel components also can be found 
from the frequency spectrum of the current response.
c) Characterisation of corrosion product
The nature of corrosion products formed on a limited number of specimens from Pipes 1-3 
was investigated by the means of x-ray photon spectroscopy (XPS) and X-ray diffraction. 
The chemical states of the corrosion products were determined by a Thermo, Sigma Probe 
XPS machine, while the phase status of the corrosion product was investigated by a 
PANalytical X’Pert Pro XRD. The collected data were then analysed by being referenced to 
an energy scale with binding energy for a C ls spectrum at 284.8eV and to Cu Kai radiation 
for XPS and XRD respectively. The result of this investigation is presented in section 5.5-5.6
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in the results and discussions chapter. For XPS signal processing the manufacturer software 
Advantage (v3.75) was used.
3.7 Investigation of the fracture surface of the failed pipes
To support the water industry with the identification of the fracture surface of a failed pipe, a 
series of specimens was prepared and subjected to corrosion study. That is, one specimen 
from each of Pipes 1,2, 3, and 9 was initially subjected to the fast fracture to produce a fresh 
fracture surface. One side of the fractured specimens then were immersed in static tap water 
and the other side was exposed in flowing tap water. The specimens from Pipes 1,2,3, and 9 
were chosen to be representative of the range of the microstructures seen in all the pipes. The 
development of the corrosion product on the surface of the specimens was photographed after 
3, 12, 60 and 100 days period. The photographs taken from the surface of the specimens 
investigated in this examination are presented in Chapter 6 results and discussion.
3.8 Statistical consideration of the data obtained in this work
Any quantity (material property) that we are trying to measure will have a distribution of 
values reflecting inherent variability. In trying to measure the quantity, there will be errors 
associated with the measurement technique employed, which may be systematic or random. 
The purpose of statistical analysis of a data set is to understand the uncertainty involved in the 
measurements and report it with certain confidence.
Hence, if  we make a number of measurements of some quantity, these measurements can be 
represented by a mean value and an associated spread, e.g. the standard deviation. Clearly, 
the larger the data set the better estimation of the population(s) from which they are drawn 
(parent). In other words the increase in the number of measurements results in a decrease in 
the error of the calculation, in particular the standard error as it is inversely correlated to the 
number of measurement by the following formula.
S(m ) -  - j =  (3 .3)
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Where, S(m) is the standard error, o is the standard deviation and n is the number of 
measurements.
Laboratory measurements of fracture toughness, fatigue crack growth and corrosion rates are 
often carried out on relatively small batches of samples, as was the case in the current work. 
Although an Analysis of Variance (ANOVA) could be carried out to substantiate the visual 
observations made, e.g. the trends shown by the datasets presented in Figure 5.11 and Figure 
5.13, it was decided not to pursue this type of statistical analysis as it was beyond the scope of 
the present work. On the other hand, where there are measurements based on more than one 
sample, the univariate statistics, such as the mean and standard deviation, are presented; 
further, in some cases, such as the constants of the Paris law, a measure of confidence have 
also been assigned to the obtained data set.
3.9 Concluding remarks
Experimental work on this chapter was divided in three phases, with phase one structural and 
material characterisation, phase two fracture mechanic and fatigue properties determination, 
and phase three corrosion studies. Results from these investigations are presented and 
discussed in separate chapter in the following order.
Chapter 4 presents the results from microstruetural study of the all nine pipes in this study. In 
Chapter 5 the results from mechanical testing conducted on the specimens from selected 
pipes is presented and discussed. And finally Chapter 6 presents the results from all the work 
done on the understanding of the corrosion rate and mechanism of the pipes. The results 
from all three phases of the study will subsequently be compared to the available literature 
and will be used in development of the condition assessment of the pipes.
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Chapter 4 Results and discussion: Microstructure
4.1. Overview
The results of the first phase of experimental work aim to identify the microstructure and 
determine the elemental compositions of samples from Pipes 1-9, which are presented in the 
following section. These are thought to cover the range of microstructure of cast iron trunk 
mains which are currently in service. These results will subsequently be used in establishing 
a correlation between the identified structure and in-service performance of the pipes. The 
microstruetural characterisation needs to provide a rational base for understanding the 
variation in physical properties, e.g. corrosion rate, and mechanical, e.g fracture and fatigue 
performance, of buried cast iron pipes.
4.2. Optical Microscopy and Energy Dispersive Spectroscopy results
The results of the optical examination of the microstructure present in Pipes 1-9, including the 
variation through wall thickness, are presented in Appendix 2. A summary of graphite size, 
shape and morphology identified in all nine pipes according to (ASTM-A247-67 1998)is also 
presented in Table 4.1. The results of the investigation reveal variation particularly in the 
graphite flake size and distribution throughout the specimen thickness. Figure 4.1 illustrates 
the change in the graphite morphology throughout the wall thickness of a sample from Pipe 2. 
From the images 4.1 (a)-(j) the progression change on both graphite flake and grains size can 
be observed. Examination of etched specimens has revealed that the microstructure of the 
cast iron shows significant differences through the section between the outer and inner faces. 
The variation of the microstructure of the graphite flakes through the wall thickness is typical 
of that seen in thicker sections of grey cast iron and is probably the result of different cooling 
rate having occurred at the inner and outer surfaces compared to the centre of the section. 
That is, towards the middle of the specimen as the cooling rate decreases the grains/flakes 
become larger/ coarser, having had more time to nucleate (a competition between the rate of 
nucléation and growth). Adjacent to the inner and outer surfaces of the pipe’s wall as the 
cooling rate increases the grains/graphite flakes have less time to grow resulting in the 
nucléation on a larger number of nuclei.
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Figure 4.1, The microstructure observed in a sample from Pipe 2, a-e) 50X magnification photographs from un-etched samples 
showing through thickness variation in the graphite morphology, f-j) 500 X magnification from etched sample, details of (a)-(e)
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Table 4.1 Summary graphite flake size and morphology observed in all nine pipes in this study
The edges The mid section
Graphite
type
Graphite
distribution
Graphite 
size class
Max flake 
size/mm
Graphite
type
Graphite
distribution
Graphite 
size class
Maxi flake 
size/mm
Pipel VII Between A and B 3 0.3mm VII
Between A 
and B 2 0.45mm
Pipe2 VII A 2 0.4mm VII A I 0.9mm
Pipe3 VII B 2 0.4mm VII B 2 0.4mm
Pipe4 VII Between A and B 2 0.45mm VII
Between A 
and B 1 0.7mm
PipeS VII Between A and B 2 0.35mm VII A 1 0.95mm
Pipe6 VII B 3 0.25mm VII B 2 0.35mm
Pipe? VII Between A and B 3 0.28mm VII A 3 0.28mm
PipeS VII Between A and B 3 0.3mm VII
Between A 
and B 2 0.58mm
Pipe9 VII B 3 0.3mm VII B 2 0.45mm
Etching of the specimens from all nine pipes revealed a metallic matrix of the cast iron pipes 
to range from that of a ferritie matrix (Figure 4.2(a)) to a fully pearlitie (Figure 4.2 (b)).
1 0 0  w m -  I
(5) lOOgm(a)
Figure 4.2 Microphotographs representing the metallic matrix seen in Pipes 2 and 3, a) an example of ferritie matrix observed at
Pipe 2 b) an example of pearlitie matrix observed at Pipe 3
Although the effect of cooling rate is of great importance in determining the microstrueture of 
the cast iron, its chemical composition also influences the mechanical properties. EDS 
analysis of the samples showed that, along with the expected iron and carbon, the presence of 
other elements, including silicon, phosphorus, sulphur, manganese and vanadium. The results
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of this analysis are presented in detail in Appendix 3. Figure 4.3 is an example of the EDX 
analysis of sample from Pipe 2 by point analysis (of the order of 10 nm beam resolution with 
accelerating voltage of 10-15kV and the penetration depth of 1-2 pm). Table 4.2 presents the 
values of the elemental contributions reported by spot analysis of the sample.
lOOum E lectro n  Im a g e  1
Figure 4.3 An example of EDX area and spot analysis of a sample from Pipe 2 
Table 4.2 Elemental analysis of a specimen taken from Pipe 2 (Figure 4.3), all results in weight%
Spectrum C Si P S V Mu Fe Total
i (Spot analysis) Spectrum 1 224 2.81 0 .3 4 0 .0 0 0 .0 0 0 .0 0 94.63 100 .02
ii (Area analysis) Spectrum 2 24.11 1.77 L28 0 .0 0 0 .00 0 .4 6 7238 100 .00
Table 4.2 compares the elemental composition obtained by the spot and area analysis of the 
sample of Pipe 2, shown in Figure 4.3. These values have been obtained by sealing the data 
to take account of the relative abundance of each element in the spectrum obtained from the 
EDS technique used. This process is based on the assumption that there are no other 
elements present at levels in excess of 0.1% (taken to be the effective limit of accuracy for the 
method employed) and which is supported by the absence of both sulphur and vanadium in 
either of the spectra obtained. It can be seen from Table 4.2 that the spot analysis (10 nm 
resolution) produce significantly different results to that obtained using the area analysis (320 
X 180 pm). This is to be expected given that the two measurements are surveying distinct 
parts of the sample with distinct mierostruetures.
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The spot analysis (spectrum 1) was carried on a region of the sample that was (apparently) 
free of graphite flake. This area has a composition which is typical of that expected for the 
ferrous component of a grey cast iron material used in the manufacture of thick section 
casting, e.g. 93-95% iron and 2-3% carbon. Given the age of the pipe from which the 
specimen was taken it is not surprising to see that the level of silicon (2.81%) is greater than 
that encountered in a modem grey cast iron where values are typically around 1.8%.
When compared to the spot analysis the result of the area analysis (spectrum 2) shows greater 
quantities of carbon and phosphorous and reduced levels of iron. This is consistent with 
Figure 4.3 which shows that the area of the sample subject to analysis contains a number of 
graphite flakes which are essentially pure carbon, with some silicon and sulphur impurities. 
Whilst this data confirms the sample is a graphitic cast iron the value of carbon content 
(24.11%) seems to be higher than might be expected, even given the age of the pipe 
examined. There are two possible explanations for this. Firstly, the EDS technique analyses 
a “volume” of the sample to a depth of 1-2 pm and so the analysis also interrogates a volume 
of the sample below the surface shown in Figure 4.3. This may contain more graphite flakes 
than are obvious at the surface. Secondly, it is possible that a part of the carbon detected 
originates from oil molecules, from the diffusion pump used to create the required vacuum, 
which have condensed onto the surface of the sample. As a eonsequence, as iron x-rays, 
stimulated by the electron beam used in the EDS analysis, try to find their way to the 
secondary electron detector, they eause the carbon atoms on the surface of the specimen to 
fluoresce and emit x-rays characteristic of carbon. As the energy level of an iron x-ray is far 
greater than carbon (due to its atomic number) a single iron x-ray can initiate several carbon 
x-rays. These will then be detected and added to the total count of carbon in the spectrum 
produced. It is not possible to decide which of these effects dominates, however, both place 
significant limits on the accuracy with which the carbon content (and elemental composition) 
can be assessed using the area analysis approach when compared to the use of spot analysis.
It has also been possible to analyse the micro-images that previously were taken by OM for 
all nine pipes by the means of the image-analysis software (Axiovision), which was explained 
in details in section 3-2, to identify the phases present in the matrix (Figure 4.4). The 
identified phases were the typical of what is expected in cast iron and identified as graphite, 
ferrite, pearlite and eutectics. The result of this analysis is presented in Table 4.3.
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Figure 4.4 Example of area analysis of the phases present in the microstrueture of a specimen from Pipe 2, a) Area percentage of the 
phosphide eutectic phase indicated by blue, b) Area percentage graphite flake indicated by green
Table 4.3 The average area percentage of phases present in the microstrueture of cast iron for Pipes 1-9.
Graphite % Pearlite % Ferrite % Phosphide eutectic %
Pipe 1 17 50 25 8
Pipe 2 18 243 47 10.5
Pipe 3 13 70 10 7
Pipe 4 16 563 14 13.5
Pipe 5 18 61 9 12
Pipe 6 12.5 723 10 5.5
Pipe 7 17 31 42 10
Pipes 17 14 58 11
Pipe 9 13 80 2.5 4.5
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From Table 4.3 the pipes ean be categorized into ferritie and pearlitie matrix pipes depending 
on which phase is predominant. Pipes 9, 6, 5, 4, 3, and 1 having a pearlite phase of 50% or 
more are grouped as pearlitie matrix while Pipe 2 and 8 are grouped as ferritie matrix pipes 
having a ferrite matrix of greater than 50%. It is worth emphasising that the accuracy of these 
area percentages measurements is with in ±2% and can be reproduced following the 
technique explained in 3.3.1. Figure 4.5 compares the area percentage of the phases present 
in the microstrueture, which was obtained from the image analysis of the photomicrographs 
taken from samples from all nine pipes.
60 -
-0.8429X + 67.308 
= 0.9643
u.
100
Pearlite  %
Figure 4.5 Correlation betw een the values of ferrite and pearlite phases of the microstrueture. The error bars indicate the standard
deviation of the analysis
From Figure 4.5 a good correlation between the phases of the microstrueture is observed. 
That is, the increase in pearlite percentage results in decrease in ferrite content of the 
microstrueture and vice versa. These correlations are of particular importance as they validate 
the methodology employed in the quantification of the phases present in the microstrueture.
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4.3 Hardness results
The results of the through thickness Brinell hardness test of samples from Pipes 1-9 are 
recorded in Table 4.4. The result of micro-indentation hardness carried out on a specimen 
from Pipe 1 is also present in Table 4.5. Areas tested in this examination were those that 
remained white in appearance after the etching process. It is believed that these areas are 
either retained ferrite or cementite. Cementite has much higher hardness value than ferrite.
From Table 4.4 it is seen that Pipes 1 and 5 with hardness value of 199-195 HBV are the 
hardest pipes amongst all nine pipes while, Pipe 2 with the average hardness value of 164 
HBV is considered to be less harder than the other pipes. Figure 4.6 compares the hardness 
values as a function of graphite, pearlite and ferrite content of the microstrueture.
Table 4.4 Brinell hardness values found for Pipes 1-9 employing a 2.5mm ball
Impression Pipel/BHV
Pipe:/
BHV
Pipe3/
BHV
Pipe4/
BHV
PipeS/
BHV
Pipe6/
BHV
Pipe7/
BHV
Pipe8/
BHV
Pipe9/
BHV
1 202 170 198 180 211 170 177 182 182
2 202 156 180 180 211 180 184 180 179
3 187 167 187 191 215 179 187 184 180
4 191 150 179 187 167 185 179 174 166
4 215 177 174 191 195 179 187 158 161
6 180 161 180 187 180 177 180 158 174
7 207 164 191 195 184 164 195 174 164
8 207 164 187 187 198 175 202 187 187
Mean Hardness 199 164 185 187 195 176 186 175 174
Standard
deviation 11.8 8.3 7.7 5.3 17.1 6.5 8j 11.2 9.5
Table 4.5 Micro-hardness values obtained for different phases of the microstrueture
Areas of the test Average Hardness Vickers Comment
White area surrounding graphite flakes 160 Ferrite
White areas dispersed around the surface ' 530 Cementite
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The analysis of the result suggests that there is no eorrelation between hardness and the 
graphite flake pereentage. Similarly, in the case of pearlite and ferrite content again no trend 
between increasing hardness with the increase of the ferrite or pearlite pereentage of the 
microstrueture is seen.
210
200
>  190 
0Û
I 180
c
"2
I  170
160
150
■ R pel 
▲ pipe2
♦  Rpe3 
□ pipe4 
A pipes
•  pipes 
o pipe? 
o pipes 
X pipes Ï
I C)
Î
10
(a)
12 14 16
G ra p h i te  F lak e  %
18 20
R=0.04
210
200
190
XCÛ
w 180
<D
C
P
T 170
160
150
■ Rpe1 
▲ Rpe2
♦  Rpe3 
□ Rpe4 
A RpeS
•  RpeS 
O Rpe7 
o  RpeS 
X Rpe9
t
Î
C) I
20
(b)
40 60
P e a r l i t e %
80 100
R=0.06
109
Hamed Mohebbi Chapter 4. Results and discussion: Microstructure
40 
Ferr ite  %
RW .12
Figure 4.6 Comparison of the hardness values against the area percentage of matrix features a): Hardness versus graphite flake b): 
Hardness against pearlite content, c) Hardness against ferrite content. The error bars indicate the standard deviation of the obtained
hardness values
4.4. Concluding remarks
Results from OM and SEM examination of samples taken from all nine pipes investigated in 
this study eonfirm that material of the pipes range in mierostrueture. This is ineluded both in 
the constituent phases of the metallic matrix and shape, size, and morphology of the graphite 
phase. Understanding of the mierostrueture will be very beneficial as it will help us to relate 
the range of mechanical and eleetrochemieal behaviour observed for the pipes. The results 
from these three technical areas will help the water industry with the development of the 
condition assessment tool.
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Chapter 5 Results and discussions: Fracture and Fatigue
5.1. Overview
The results from the second phase of the work, which was experimental work on fracture and 
fatigue performance of the pipes, are presented in this chapter. With regard to fatigue 
characterisation, a crack propagation approach, as opposed to measuring stress to number of 
cycles to failure behaviour {S-N), has been chosen. This approach has been taken in order to 
be in line with the second hypothesis outlined in Chapter 1, that the failure of the trunk mains 
may be the result of propagation of pre-existing or installation-induced defects.
The structure of the chapter is as follows. In the next section the results from the fracture 
toughness are presented and the variation of the toughness with mierostrueture is examined. 
Following this, the fatigue behaviour of the cast iron is investigated and the role of 
mierostrueture in influencing the Paris eraek growth behaviour is considered. The use of the 
Paris relation to model 6"-# behaviour, both of trunk main sample tested here and distribution 
main samples from earlier work (Belmonte et a l 2009) is then discussed. The implication of 
these results for the performance of the water mains in service is discussed.
5.2. Fracture toughness
Figure 5.1 shows typical load-crosshead displacement data during a SENB configuration 
fracture toughness test for one specimen from each of the nine pipes. From Figure 5.1 it can 
be seen that the load-cross head displacement plot for each specimen contains a non-linear 
part at low extension values, which is believed to be associated with the take up at the 
beginning of the test. Once a sufficient load is applied the plot behaves in a linear manner. 
This linear response enables fracture toughness values to be calculated in accordance with test 
standard.
In this set of experiments fracture toughness values were obtained according to (ASTM- 
E1820-01 2001). It is worth mentioning the load value corresponding to a 5 % secant offset, 
as required by the standard, was obtained from the linear part of the graph (Figure 5.2).
I l l
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Figure 5.1 Typical load-cross head displacement data during fracture tests on specimens from each of the nine pipes
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Figure 5.2 Load vs. displacement graph, Load P? corresponds to a 5 % secant offset (ASTM-E1820-01 2001)
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Table 5.1 presents the measured fracture toughness values along with the mean fracture 
toughness values for Pipes 1-9.
Table 5.1 the measured fracture toughness values for all nine pipes
Pipe 1 Pipe 2 Pipes Pipe 4 Pipe 5 Pipe 6 Pipe 7 Pipe 8 Pipe 9
Kc
Sample 1 16.9 15.7 17.7 18.8 15.4 18.4 17.5 15.9 23.1
Sample 2 16.0 15.9 17.6 18.8 16.4 17.2 16.9 16.1 25.1
Sample 3 17.3 16.5 18.8 18.5 16.8 18.7 18.1 16.6 23.4
Sample 4 17.7 17.7 18.3 17.8 18.6 16.6 16.8 23.7
Sample 5 17.2 18.1 19.4 17.3 16.4 26.3
Kcmean(MN/m^^ )^ 17.0 16.6 18.0 18.5 16.6 18.4 17.3 16.3 24.3
Standard Deviation 0.7 0.8 0.7 0.7 1 0.8 0.6 0.3 1.4
Figure 5.2 shows the fracture toughness values for all specimens plotted as a function of 
normalised crack length and specimen thickness.
From Figure 5.2 (a) and 5.2 (b) it can be seen that for any set of specimens from each pipe 
there is no significant variation in the value of obtained fracture toughness for different 
normalised crack length {a-JW) and specimen thickness. This is a strong indication that the 
measured fracture toughness values are true plane strain values as the geometrical factors such 
as length of the crack and the thickness of the specimens do not affect its measured value 
(Bertolino and Perez-Ipina 2006).
The extent to which these are true plane strain fracture toughness values can be explored 
using the thickness criterion. Taking 150 MPa as a representative strength for cast iron, 
this criterion would require to be > 25 mm when Kjc =15 MN/m^^  ^and > 69 mm when Kic 
= 25 MN/m^^ .^ This means that the fracture toughness values, for Pipe 9 in particular, should 
be viewed with a certain amount of caution. It is interesting to note, however, that there is no 
clear trend for any of the materials with either crack length or specimen thickness and that the 
repeated tests give consistent data.
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Figure 5.3 Fracture toughness values for all nine pipes as a function of: a) specimen thickness, W, b) Normalised crack length, o,/fF
Figure 5.4 is the photograph taken from fracture surface of the specimens from Pipe 9 after the 
fracture toughness test.
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Figure 5.4 Photograph showing the fracture surface of Pipe 2
From Figure 5.4 it is seen that the specimen shows a macroscopieally flat fracture surface, 
which is an indication of the prevalence of the plane strain condition. In the plane strain 
condition, the fracture surface is perpendicular to the loading direction and is called tensile 
mode failure (in oppose to plane stress condition which causes a slant fracture appearance with 
shear lips of 45° to the loading condition). This was generally true for all the specimens which 
were tested in fracture toughness investigation.
The fracture toughness values are in agreement with values reported in literature (Angus 
1978; Ashby and Jones 2006; Bertolino and Perez-Ipina 2006). The measured (mean) 
toughness values appear to be consistent with the different microstructures of the east irons. 
Figure 5.5 compare the fracture toughness values against the average pearlite and graphite 
flake content, which was previously determined in Chapter 4.
Figure 5.5 (a) shows a general increasing trend in the value of fracture toughness with an 
increase pearlite content of the mierostrueture. In particular Pipe 9, which has the highest 
pearlite content, shows the highest value of the fracture toughness while Pipe 8, which has the 
lowest pearlite content, shows the lowest fracture toughness amongst all nine pipes. Increasing 
pearlite content of the microstrueture in grey east iron was reported to improve the fracture 
toughness (Minkoff 1983).
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Figure 5.5 Fracture toughness values as a function of, a) pearlite content, b) the graphite flake content
Figure 5.5 (b) shows a general decreasing trend in the value of the fracture toughness with an 
increase in the graphite flake content of the microstrueture. This is expected as the matrix
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graphite flake is known to debond from the matrix at very low stress level (Haenny and 
Zambelli 1983). However, the poor (about 0.49) value preclude any definite conclusion 
regarding this correlation.
When comparing the values of the fracture toughness to the average tensile strength (Figure 
5.6), which was previously obtained for Pipes 1-9 in a separate investigation running parallel 
to this study, it can be seen that Pipe 9 again shows much better performance compared to the 
other pipes. However, because of the very low value (about 0.1), no trend between the 
mean fracture toughness and the average tensile strength is observed.
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Figure 5.6 Fracture toughness values vs. average characteristic strength data for all nine pipes
It is worth emphasising that although Pipe 9 shows a higher strength than the other pipes the 
plane strain thickness requirement still is not satisfied. That is, the criterion requires 
thickness, B, to be > 50 mm when taking IVOMpa as yield strength and 24 MN/m^^  ^ as 
average fracture toughness. Hence data from Pipe 9 should be views with causation. 
However, the R  ^value for figures 5.5 and 5.6 did not improve when Pipe 9 data was excluded 
from analysis.
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5.3. Fatigue behaviour
5.3.1 Introduction
The results of the work carried out to investigate the fatigue performance of the selected 
specimens from Pipes 1-9 are presented in this section. Fatigue testing was initially 
conducted on specimens from Pipes 1-3, which were previously identified as representative of 
the typical range of microstructures seen in the pipes. A subsequent investigation was carried 
out to assess the fatigue performance of specimens from Pipe 9, which had similar 
mierostrueture to Pipe3 but which had been previously characterised as having a higher Kic.
In this section, results are presented in the following order. First the results relating to the 
fatigue crack growth behaviour with supporting fractography followed by discussion 
regarding the mechanism of the crack growth are presented. Then results from the 
investigation of the crack closure phenomenon and crack opening displacement during the 
fatigue test and its effects on the stress intensity factor range are considered. Finally, the 
implications for service life are considered with reference to published data for specimens 
from east iron distribution mains.
5.3.2 Fatigue crack growth result
Figure 5.7 is a typical plot of measured crack length, a, as a fimetion of number of fatigue 
cycles. Similar plots were obtained for all tests specimens. The a-N  results for all the 
specimens tested in this study are presented in Appendix 6. OriginPro data analysis software 
(OriginProS 2008) was used in order to obtain the best fit for the data. Within the OriginPro 
the data are represented by a double exponential function which is fitted with non-linear least 
square method. In this equation the first term represent the stable crack growth part of the 
plot and the other term presents the unstable crack growth at the end of the test.
a = a ^+  (5.1)
Where, a is the crack length at cycle N, ao is the initial crack length at cycle No, and, A i,A 2, t i ,  
and Î2 are constants.
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Figure 5,7 Crack growth as a function of corresponding number of fatigue test cycles for a specimen from Pipe 3
From the a-N plots it was possible to obtain the eraek growth rate da/dN of the speeimens by 
differentiating the mathematical function that was found for each a-N plot.
The crack growth rate versus applied stress intensity factor range and the crack growth rate 
versus the ratio of applied stress intensity factor to the mean fracture toughness for all 
speeimens are presented in Figure 5.8. From Figure 5.8, it can be seen that, amongst the cast 
irons tested in the present work, there is variation between samples from the same pipe. The 
variation within a given pipe material may be associated with the tortuous nature of the eraek 
path, which will vary from sample to sample and is a function of the micro structure, which is 
discussed in more detail later in this section. From Figure 5.8 (a) - (e) it is seen that for a 
given eraek growth rate, speeimens from Pipe 3 require a higher AK value compared to the 
speeimens from the other pipes. This is in agreement with the applied AK values for the crack 
initiation, which were obtained to be 10.7±0.2, 10.2±0.2, and 11.4±0.2 MN/m^^  ^for Pipes 1, 2 
and 3 respectively. These differences are likely to be function of the microstruetural variation 
of the speeimens specially the pereentage of the pearlite content in the mierostrueture, which 
is higher fro Pipe 3 then followed by Pipe 1 and Pipe 2. Figure 5.8 (d) - (f) also reveals that at 
the final stage of the experiment, when the eraek is unstable, AK values are higher than Kic 
obtained from the fracture toughness tests {AK/Kc> 1).
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Figure 5.8 Crack growth rate as a function of, a-c) stress intensity factor, d-f) ratio of stress intensity factor and fracture toughness
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Figure 5.9 presents the eraek growth rate versus applied stress intensity factor range for all 
specimens in logarithmic scale. Figure 5.9 (b) presents the eraek growth rate versus ratio of 
applied stress intensity factor to the corresponding fracture toughness.
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Figure 5.9 Crack growth rate for samples of Pipes 1-3, a) da/dN as a function of JK, b) da/dN as function of AK/AK,
From figure 5.9 (a) and 5.9 (b) it is apparent that there is variation between samples from pipe 
to pipe as well as samples within the same pipe. From Figure 5.9 (a), it can be seen that the 
Paris plots are displaced to the right with increasing fracture toughness, i.e. Pipe 3 with the 
fracture toughness value of 18.06 MN/m^^  ^ requires a higher value of AK to achieve a given 
eraek growth rate and thus sits to the right hand side of the plot, while Paris plots for Pipe 2 
and 1, which have lower fracture toughness value of 16.62 and 17 MN/m^^  ^respectively, sit to 
the left of the data for Pipe 3. We can also see from Figure 5.9 (a) that in the tougher pipes 
there is stable fatigue crack growth at stress intensity factor ranges which lead to a peak stress 
intensity factor, Kd, that exceeds the fracture toughness, Kc, data reported in the previous 
section. It is suggested that this is because the 5 % offset method leads to a value of the 
fracture toughness which is a reasonable approximation to a plane strain value, while the
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fatigue sample is subject to increasing dominance of plane stress conditions as the eraek 
length increases, and thus can sustain higher apparent stress intensity factors.
The variation within a given pipe material may be associated with the tortuous nature of crack 
path, which will vary from sample to sample and is a function of the microstrueture. With 
regards to the fatigue eraek growth variation from pipe to pipe; there is likely to be a role of 
both the matrix type (pearlite content) and graphite content and morphology. Drawing from 
the results of microstruetural study presented in the previous chapter, the fatigue performance 
of the pipes shows an improvement with increasing pearlite content of the microstrueture. 
That is, speeimens from Pipe 3 with the average pearlite content of 72% show a better fatigue 
performance than speeimens from Pipe 1 and 2 with the average pearlite content of 50% and 
25% respectively. To investigate the effect of pearlite content of the mierostrueture on the 
fatigue performance, a series of fatigue test was carried out on three speeimens from Pipe 9 
that had similar pearlite content to Pipe 3.
Figure 5.10 is a typical plot of crack length vs. number of fatigue cycles for a specimen from 
Pipe 9. These data were analysed in the same way as described for samples from Pipes 1-3.
Pipe 9 Sample B
1------ '------ 1------ '------ 1------ '------ 1------ '------ r
190000 195000 200000 205000 210000 215000
N/ Cycle
Figure 5.10 Plot of crack length as function of number of cycle for a specimen from Pipe 9
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Figure 5.11 presents the result of eraek growth rate da/dN of the speeimens versus applied 
stress intensity faetor for all the specimens from Pipes 1-3 and 9.
1.E+00
1.E-01
O 1.E-02
0  
>%
2  1.E-03
1^ 1.E-04
1.E-05
1.E-06
♦ Rpe1
■ Rpe1 
A Rpe1
♦ Rpe1 
X Rpe1
♦ Rpe2
■ Rpe2 
A Rpe2
♦ Rpe2 
X Rpe2
♦ Rpe3
■ Rpe3 
A Rpe3
♦ Rpe9 
A Rpe9
■ Rpe9
SampleA
SampleB
SampleC
SampleD
SampleE
SampleA
SampleB
SampleC
SampleD
SampleE
SampleA
SampleB
SampleC
SampleA
SampleB
SampleC
Increasing 
Pearlite content
C >
Pipe 2 
25% pearlite 
18% Graphite
Pipe 1 
51% pearlite 
16.5% Graphite
Pipe 3 
71% pearlite 
14% Graphite
Increasing 
Graphite content
Pipe 9 
80% pearlite 
13%Graohite
-I— I— I— I—  
10 100
Figure 5.11 Plot of crack growth rate for specimens from Pipes 1-3 and 9 show ing fatigue performance of the specimens improves by
increasing pearlite content of the microstrueture
From Figure 5.11 it is seen that fatigue data from Pipe 9 are very similar to those from Pipe 3, 
and show a superior fatigue performance compared to the other pipes. This implies a 
correlation between fatigue performance of the speeimens and the matrix type of the 
microstrueture. In particular Pipe 2, which has almost a ferritie matrix with little pearlite 
content, shows a relatively poor fatigue performance compare to the other pipes which have
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more pearlite phase in the mierostrueture. This is pronounced in the ease of Pipe 3 and 
particularly Pipe 9, where their matrix is fully pearlitic and can be attributed to the ability of 
pearlitic matrix to promote eraek blunting and deflection. In addition to pearlite content, 
there may also be a role for graphite content and morphology in these trends. From Figure 
5.11 it can be seen that at a given applied stress intensity range, the eraek growth rate 
decreases as the graphite content decreases but at the same time the graphite flake 
morphology becomes Rosette (Type B) rather than Random (Type A). It seems the Rosette 
structure offers a greater resistance to fatigue crack growth by providing local sites for crack 
arrest. Collini et al (Collini et al. 2008) suggest that the threshold stress intensity faetor range 
decreases with increasing graphite content.
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Figure 5.12 Crack growth rate for specimens from Pipes 1-3 and 9 with comparison with data obtained by (Kapadia and Imhof
1979; Hornbogen 1985; James and Li 1999; Baicchi et al. 2007)
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Figure 5.12 presents the eraek growth rate versus applied stress intensity factor range for all 
specimens together with other data from the literature. These are generally in good agreement 
although there are differences which are considered to be a result of microstruetural 
variations as described earlier. The eraek growth data from the present work, which are for 
various flake morphologies, are consistent with the literature in that they appear to place a 
relatively tougher cast iron/or east iron with a relatively lower graphite content (and hence a 
lower area density of preferred crack paths) to the right (Figure 5.13).
Hence it is not surprising that data from Hornbogen (Hornbogen 1985), which show that 
crack growth data for a relatively tough cast iron with a spheroidal graphite morphology, lie 
to the right of data for a relatively less tough cast iron with graphite flake morphology (Figure 
5.13). Interestingly the fracture toughness data reported by Hornbogen are greater than for 
any of the east iron tested in the present study.
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Figure 5.13 Extrapolation of the Paris plot for the determination of the Paris constants
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Figure 5.13 illustrates the method used to obtain the Paris constants, A and m. To determine 
the constant A, the data was extrapolated to the point of intercept with the y axis (da/dN), and 
for the constant m slope of the line of the best fit for each set of data was calculated. The 
mean value obtained for each pipe along with the confidence interval with 95% confidence 
assigned to them is presented in Table 5.2.
Table 5.2 the mean and standard deviation (SD) of the value obtained for the component of the Paris equation
Pipe Paris constant m Paris constant A (mm/cycle)
Mean SD Mean of m with 95% confidence Mean SD
Mean of A with 
95% confidence
Pipe 1 7.5 0.9 6.7-B.3 4.6e-12 3.4E-12 3.1E-12-6.1E-12
Pipe 2 8 1.4 7.4-S.6 2.Be-12 3.5E-12 1.2E-12-4.4E-12
Pipe 3 7.4 . 0.9 6.9-7.9 9.5e-13 1.5E-12 B.4E-14-1.BE-12
Pipe 9 7.7 0.9 7.2-B.2 2.2e-13 3.1E-13 4.1E-14-4.0E-13
The confidence interval for the mean was determined by making an assumption that the 
sample mean ( X )  is normally distributed, with the same expectation (ju) as the true 
(population) mean, and a standard deviation equal to the standard error (a/yin), where a  is the 
standard deviation of the sample of size n. Hence, two-sided confidence intervals on the 
mean value can be obtained fi*om:
X  — k I— ^  /I ^  X  + k I— 
y/n yjn
(5.2)
Where, k is determined from the standard normal distribution, depending on the desired 
confidence level. For example, for a two-sided 95% confidence interval b=\.96.
The obtained Paris constants for all the specimens are presented in Appendix 6. These values 
are in agreement with values reported in the literature, which range between 6 to 9.5 for 
constant m (Hornbogen 1985).
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5.3.3 Observations on Crack Growth Mechanisms
Figure 5,14 presents typical photomicrographs, which illustrate various aspects of the crack 
growth behaviour during fatigue testing of a specimen from Pipe 1. Examination of these 
photomicrographs and other images taken from fatigue samples which were etched after 
crack growth testing enables observations on the miero-meehanisms of fatigue crack growth 
to be made. There are a number of different mechanisms apparent.
100 urn
9Crack branching
Parallel cracks
Principal crack
Principal crack
Crack entering 
and leaving 
field of view
i
2 Ê
Figure 5.14 Photographs of the surface of a SENB fatigue specimen from Pipe 1 after, (a) 25,000 cycles showing crack branching, 
zf A"=10 MN/m  ^  ^(b) 30,000 cycles, showing the initiation of parallel cracks as AK increases, AK^\ I VIN/m'"\ (c) 52,500 well 
established fatigue eraek, zlA^=l3.5 MN/m^ ^^ , the ovals indicates where the eraek enters and leaves, (d) 53500 cycle, an example of 
both intergranular (I) and transgranular (T) crack path, high AK regime, AK=\‘i,S MN/nf'^
At low applied stress intensity faetor range (near the threshold for eraek growth), there is a 
tendency for crack branching. Figure 5.14 (a), and for dispersed cracking ahead of the crack
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tip, influenced very much by the graphite flakes. Figure 5.14 (b). As the crack grows, the 
mechanism of the crack growth can still be described as the coalescence of mierocracks 
forming around the graphite flakes generally along an intergranular path. With further 
increase in crack length, and associated increase m AK  (and larger crack tip plastic zone), a 
dominant mode I crack is apparent. Figure 5.14 (c). In this region the crack follows a 
combination of intergranular and transgranular path. Figure 5.14 (d). This suggests that the 
local change in direction of the crack identified in Figure 5.14 is the result of intergranular 
crack growth, whereas the more planar region of eraek growth identified in Figure 5.14 (d) is 
likely to be transgranular. Given the nature of the eraek path, both in terms of initiation and 
subsequent issues with branching and similar phenomena observed in Figure 5.14, variation 
in Paris crack growth behaviour (within and between speeimens) is to be expected.
Figure 5.15 present the photographs taken from fracture surface of specimens from Pipe 3.
Fast fracture 
region
v \=  32m m  
Pipe wall 
thickness
Fatigue fracture 
region
Notch length
Figure 5.15 Fracture surfaces of a specimen from Pipe 3. The white line indicates the transition from slow fatigue crack growth to
fast fracture
Figure 5.15 (a) and 5.15 (b) show that overall fracture surfaces for all the specimens were 
macroscopieally flat and the crack grew in a planar manner with respect to the original notch 
(Figure 5.15 (a)). Examining the fracture surface with the unaided eye and favourable
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illumination, it was possible to discern the line on the fracture surface corresponding to the 
transition between sub-critical fatigue eraek growth and the (catastrophic) fast fracture 
(Figure 5.15 (b)).
Scanning electron microscopy was used to examine different regions of eraek growth in more 
detail. Figure 5.16 shows detail of the fracture surfaces for a specimen from Pipe 3, with 
photomicrographs corresponding to the area of sub-eritical fatigue crack growth and the area 
of fast fracture.
m
m
%
f 1 m m
I
lOOum (d)  ^ lOOum ^
Figure 5.16 SEM micrographs for a sample from Pipe 3, a) Fatigue fractured surface of stable crack growth regime, b) Details of a,
c) Fatigue fractured surface of near failure, d) Details of c
While the images are notionally similar in appearance, it can be argued that the fatigue region 
is smoother in a manner which is consistent with a greater proportion of intergranular crack 
path during fatigue crack growth. This can be compared to the final failure (fast fracture), 
which is more transgranular -  in this latter phase the crack does not follow a preferential path
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and hence crack growth occurs via the coalescence of graphite flakes by either a transgranular 
or an intergranular induced path or some combination of the two (see Appendix 7 for a 3D 
image taken from fast fractured area of a specimen from Pipe 3).
5.3.4. Investigation of the crack tip opening displacement (COD) of the specimens
Crack closure is a well known fatigue phenomenon which may affect the Paris relation in 
some situations. Hence the purpose of this part of study is to investigate this effect.
Figure 5.17 is the fz-A plot of the fatigue test on a sample from Pipe 2.
70000 75000 80000 85000 90000 95000 100000 105000
N/cycle
Figure 5.17 a-N plot for a specimen from Pipel under crack closure investigation
Figure 5.18 shows the plots of COD and applied load within the cycles 100, 1000, 1000, 
100000 during the fatigue experiment of Figure 5.17.
From Figure 5.18 it can be seen that for the early part of the test, cycles 100, 1000, 10000, 
applied load and COD patterns are the same and no evidence of crack closure is observed 
(Figure 5.18 (a)-(c)). In other words, the data from the clip gauge, that capture the COD, 
suggest that when the stress intensity factor is low, early stage of the test, the crack opening 
displacement during any given cycle follows the same cyclic pattern as the applied load. At 
the later stage of the experiment, cycle 100000, where the stress intensity factor is 
approximately the fracture toughness, evidence of crack closure is observed (Figure 5.18 (d)). 
That is, in cycle 100000, the crack opening displacement seems to have followed the same
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pattern of the applied load only at the high applied load regime. As the eyeling applied load 
approaches to its minimum, crack seems to have closed at load higher than minimum cycling 
load and stops and does not follow the same pattern as the applied load any more. This could 
be associated with the change in the crack growth mechanism from the early stage to the late 
stage of the fatigue, resulting in an increased surface roughness of the crack. It is worth 
mentioning that in order to fully understand the closure effect more investigation is required 
than only one set data. However, this investigation can be used as a guide to give us an 
overall appreciation of the closure effect in grey east iron.
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Figure 5.18 Load and COD vs. time for 100, 1000, 1000, 100000 eycles
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Figure 5.19 shows the results of quasi-static test carried out within the cycles 100, 1000, 
1000, 100000 during the fatigue experiment of Figure 5.17.
Cycle 100
-0.04 -0.03 - 0.02 - 0.01
COD/mm
Cycle 1000
-0.04 -0.03 - 0.02 
COD/ mm
- 0.01
Cycle 10000
-0.04 -0.03 - 0.02 
COD/mm
- 0.01
Cycle 100000
-0.04 -0.03 - 0.02 
COD/mm
- 0.01
Figure 5.19 Load vs. COD during a quasi-static test carried out at, a) at early stage of fatigue cycle 100, b) at early stage of fatigue 
cycle 1000, c) at early stage of fatigue cycle 100000, d) at the late stage of the fatigue test cycle 100000
From Figure 5.19 (a)-(d) it can be seen that at early stage of fatigue, cycles 100, 1000, and 
10000, the response of COD to the applied load is approximately linear. At the late stage of 
the fatigue test, however the load vs. COD graph can be divided in two regions. It can be 
seen that at the low part of the plot there is deviation from linearity, which can be the result of 
fatigue damage and accommodation of the strain at the tip of the crack. Figure 5.19 (a)-(d)
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suggest that for grey cast iron used in this investigation the crack tip closure is relatively 
significant only at very late stage of the fatigue. From the plot of load and COD data as a 
function of time, obtained during the fatigue test, the load corresponding to crack opening was 
defined and used to calculate the effective stress intensity factor range, AKe/f.
5.3.5 Consideration of the effective stress intensity factor in the Paris plot
Figure 5.20 presents the crack growth rate as a function of the range of applied stress intensity 
factor range, AK, and the effective stress intensity factor range, AKeff, after factoring out 
closure.
~AK
AK= AK
LogAK/(MN/m )
Figure 5.20 Crack growth rate data as function and JA
From Figure 5.20 it can be seen that crack growth data as a function of effective stress 
intensity factor, AKeff, lies to the left of crack growth data as a function of the applied stress 
intensity factor, AK. This is expected as AKg/f factors out the closure effect and hence the 
stress intensity factor at any given cycle is smaller that the corresponding applied stress
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intensity factor. However, the slope of the graph for both set of data remains the same 
(unaffected). Figure 5.20 indicates that at any stage of the fatigue, the closure accounts for a 
very small percentage of the fatigue cycle. Hence, although effective stress intensity factor 
makes small amendments (rationalisation) to the growth rate data, however there is little 
closure influence and the curve remains approximately unchanged.
Consideration of the closure data as Kop/Kmax against AK (Figure 5.21) it appears that closure 
data is relatively constant for the range of applied AK (around 10-25 MN/m^^^) irrespective of 
the AK value. A reasonable interpretation of this data is that plastieity-indueed closure has a 
fairly stable value of around 0.103 in the range of applied stress intensity factor (about 10-25 
MN/m“ ).
0.105
0.104
0.103
0.102
AK (MN/m )
Figure 5.21 Crack closure data for a specimens from Pipe 2
Figure 5.22 is the Ko/K^ax against AK data reported by James (James and Li 1999) from a 
fatigue eraek closure investigation of the grey cast iron specimen.
From Figure 5.22 it can be seen that the range of values between 0.1-0.2 is reported for 
Kop/Kmax against AK by James for the region of AK bigger then 10 MN/m^^^’ which is 
encouragingly close to the values obtained in this study. This gives confidence over the 
methodology used and the results obtained from crack closure investigation in this study.
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Figure 5.22 Crack closure data for grey cast iron obtained by James (James and Li 1999)
From the result of fatigue COD investigation it is elear that while there is evidenee of eraek 
elosure the effeet is minor. Henee, in the next section, when modelling S-N behaviour of the 
pipes, the Paris constants are not modified in any way.
5.3.6. Application of Paris relation to model A-A behaviour of the pipes
The Paris relation from the fatigue testing was used to develop a simple S-N model for 
specimens from a pipe subjected to a bending load. The fatigue crack growth behaviour of 
the material is given by the Paris relation as:
da
(5 .3)
Where
(5 .4)
and A and m are the Paris constants. The stress intensity factor ^ , for a SENB bend specimen 
geometry was calculated using equations (3.1) and (3.2) presented in section 3.3.3. The Paris 
constants for the samples were obtained from log(da/dN)-log(AK) plot and averaged for each
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pipe. The number of eycles to failure, TVf, for each pipe was obtained by using MATLAB to 
integrate the Paris relation numerically from an assumed initial crack length, a^ , up to the 
crack length at which fast fracture occurs, at, calculated on the basis of the measured fracture 
toughness.
daN , = I
v4(A^)'
(5 .5 )
In this way, the S-N plots obtained from the integration of Paris equation are based on the 
assumption that pipes already contain initial flaws which are either inherent or arise during 
service. Cast iron pipes most commonly suffer from localised corrosion such as corrosion 
pits. These corrosion pits can be regarded as flaws and hence estimating the remaining in- 
service fatigue life of the pipe becomes of great importance.
Figure 5.23 presents the derived S-N data for trunk mains samples. The stress shown on the 
vertical axis is the nominal peak bending stress. Results are shown based on two different 
assumptions regarding initial crack length.
ai/W =0.0125
♦  P ipe 1
▲ P ipe 3
A  P ipe 9
50  
1 .E + 0 3 1 .E + 0 5  1 .E + 0 7
Nf (cycle)
175 ♦  P ipe 1 
■ P ip e 2 
▲ P ipe 3 
A  P ipe 9150  -
Q. 1 2 5  -
50  -
1 .E + 0 3 1 .E + 0 5 1 .E + 0 7
Nf (cyc le)
Figure 5.23 Calculated S-IK curves for Pipe 1-9: (a) the initial flaw size is small (the order of microstructural features (b) the initial
flaw size is large -one fifth of the w idth of the pipe
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In Figure 5.23 (a) the assumed initial crack size is such that a-JW= 0.0125, giving values of a[ 
in the range 0.275 -  0.4 mm (for the different values of nominal wall thickness, W)\ this is the 
same order of magnitude as the graphite flake size and is thus representative of an inherent 
material defect. In Figure 5.23 (b) the assumed initial crack size is such that aJW  = 0.2, 
giving values of a[ in the range 4.4 -  6.4 mm (for the different values of wall thickness, W)\ 
this is perhaps representative of a large initial defect (e.g. a manufacturing defect) or of the 
effect of corrosion in service.
Figure 5.23 (a) shows that at modest levels of applied stress (75 MPa), samples from all four 
pipes are expected to show a fatigue life of approximately 10  ^ - 10  ^ cycles and that Pipes 3 
and 9 perform better than Pipes 1 and 2. The same trend of material performance is apparent 
in Figure 5.23 (b), but in this case the lives are considerably shorter as a result of the larger 
assumed initial crack length. In summary the S-N  plots show that the effect of the different 
microstructures observed in the present work, which gives rise to the Paris behaviour shown 
in Figure 5.11, can translate to an order of magnitude or more on the range of residual fatigue 
lives for an assumed initial defect size and stress level.
Figure 5.24 compares 5"-# data fi*om a previous work (Belmonte et al.) for ex-service cast iron 
distribution main samples, of nominally 10 mm by 12.4 mm (full wall thickness) cross- 
section, tested in three point bending and the results from the integration of the Paris model. 
The Paris law determined in the present work can be used to model these data for an assumed 
initial flaw size. The distribution main samples showed a ‘Class A’ graphite morphology and 
so the Paris relation for Pipe B in the present study was used in the model. Further, the sets of 
distribution mains samples were from pipes identified as being in “good condition” (material 
reference B30.28), “corroded” (B22.14) or “heavily corroded” (B22.03). For the purposes of 
the Paris approach, this means that the sample sets will have different initial flaw sizes. The 
behaviour of the samples in relatively good condition (not corroded) can be described 
reasonably well using an initial crack length of 1.0 mm, which may relate to an aspect of the 
microstructure (or minor influence of corrosion). While the behaviour of the other samples is 
also captured reasonably well using larger defect sizes, 2.8 mm and 4.3 mm for the 
“corroded” and “heavily corroded” samples respectively, which reflect the effect of the 
service induced corrosion. These dimensions appear reasonable when compared with the 
depth of corrosion apparent from looking at the fracture surfaces of samples from these pipes,
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see Figure 5.24 in (Belmonte et al. 2009), While these calculations are inevitably 
approximate, it is argued that this demonstrates a degree of consistency between the predicted 
data and those of the literature, giving confidence in formulating any fatigue performance 
assessment tool for the pipes based on the microstructural variation (graphite morphology) 
and the associated Paris relation.
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Figure 5.24 Comparison plot of stress versus number of cycle to failure for literature (Belmonte et aL 2009) to those predicted by the
model
This section has demonstrated that (microstructure-dependent) crack growth data can be used 
to make calculation of the fatigue life, both cast iron trunk mains and distribution mains. The 
high value of the Paris exponent, w, may mean that in practice the role of fatigue crack 
growth in pipes in service is limited, because cracks will not grow at any appreciable rate until 
they are close to being at the critical crack length. If this is the case, it follows that the 
initiation of a critical defect within a pipe is more likely to be associated with other processes, 
such as ongoing graphitisation.
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5.5. Concluding remarks
The present work has demonstrated that the fracture toughness and fatigue behaviour of cast 
iron used in the water industry shows a range of fracture and fatigue behaviour dependent on 
the details of the microstructure (in particular pearlite content and graphite 
content/morphology). A clear difference between fatigue behaviour of the specimens from 
different pipes has been observed, which was associated to the microstructural differences 
between the specimens of different pipes. A slight variation between fatigue behaviour of 
specimen within a same pipe was also observed, which was associated to the tortuous nature 
of crack path. Integration of the Paris relation has been used to consider the role of defects, 
specifically those that may arise in service as a result of corrosion, on fatigue life and this has 
been correlated with previously published data for laboratory tests on specimens from 
distribution mains. It appears that the growth of defects by mechanical fatigue in isolation 
may not be a major consideration for the asset management of cast iron water infrastructure in 
comparison to the role of in service corrosion in generating defects. A knowledge of actual 
service loadings is required to investigate this further. It is clear, however, that an important 
area for fiirther investigation is the role of microstructure on the corrosion behaviour. It was 
also shown that the crack closure effects on the Paris plot are minor.
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Chapter 6 Results and discussion: Corrosion
6.1. Overview
The results from the corrosion study of the specimens taken from ex-service pipes are 
presented in this chapter. As explained previously in Chapter 3, a number of techniques have 
been employed to understand the corrosion behaviour of cast iron water mains. Depending on 
the condition of the specimens and the environment (solution) to which they are exposed, each 
technique has limitations and provides us with a set of useful information that is unique to the 
method. In some cases the values that are obtained from one method does not account for the 
actual corrosion behaviour of the specimen. Thus, to be able to obtain a view of true corrosion 
behaviour, it is useful to employ number of methods and extract the relevant information 
obtained from each. Therefore the results obtained from a single technique should be looked 
upon as a guide only. Hence, in this chapter, comments on the overall corrosion behaviour of 
the pipes have been arrived at by considering the contribution of each technique. The structure 
of this chapter is as follows. First, the result from optical microscopy of the laboratory 
corroded specimens with reference to previous chapter, microstructural characterisation, is 
presented. Then follows results from employing DC polarisation, Tafel and EFM technique. 
And finally result from XPS and XRD examination of the corrosion product is discussed.
6.2 Appearance of the corrosion products
6.2.1. Morphology of the corrosion products
Change in the colour and morphology of the corrosion product formed on the surface of the 
specimens from Pipes 1-3, the microstructure of which was characterised in Chapter 4 to be 
representatives of the range of microstructure of all nine pipes, was studied. Figure 6.1 (a)-(i) 
shows the typical change in appearance of material from Pipes 1, 2 and 3 over an exposure 
period of up to one year. The general appearance of the surface corrosion products was 
similar for the specimens from all three pipes and was found to vary with exposure type and 
time. Unsurprisingly two environments involving aerated (flowing) water produced the 
greatest change in the appearance (apparent degree of surface corrosion) in the shortest time.
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Figure 6.1 Change in appearance of specimens of Pipes I, 2 and 3 (from left to right respectively) exposed to three environments
after 3, 6 and 12 months.
Figure 6.2 presents in more detail, the change in surface condition of the Pipe 2 material 
exposed in the three test environments during the course of the corrosion study. It can be seen 
that there was little difference in the general appearance of the corrosion products formed on 
the surface after a period of six months exposure (Figure 6.2 (b), (e), and (h)).
After 12 months exposure however, the appearance of the corrosion products formed on the 
surface of the samples exposed in the three test environments was observed to be different. 
That is, the samples exposed to the aerated solution of the NaCl formed an exfoliated 
corrosion product. Figure 6.2 (i), whilst the specimens exposed in static water and aerated 
water have formed an adhering corrosion product (Figure 6.2 (e) and (f)). This suggest that 
the process (and rate) of general corrosion on the surface of cast irons can be strongly 
influenced by the local exposure condition.
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Figure 6.2 Change in the type and state of the corrosion products on specimens from Pipe 2 after 0, 6 and 12 months exposure in 
different environment, a-c) Static, d-f) aerated, g-i) 3.5% aerated solution of NaCl
Theses differences in behaviour were confirmed by the examination of cut-section of these 
speeimens, Figure 6.3. Figure 6.3 (a)-(e) shows a seetion through speeimens from Pipe 2 
exposed to the statie water, aerated water and aerated 3.5% NaCl. It can be seen that the 
corrosion product formed on the specimens exposed in solution of NaCl delaminates from the 
surfaee (Figure 6.3 (c)). In contrast specimens exposed in static and aerated tap water formed 
an adhering corrosion product, which does not delaminate from the surfaee (Figure 6.3 (a) and 
(b)). This indieates that the oxide produets formed on the surfaee are influenced by the 
exposure eondition.
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Figure 6.3 Corrosion product formed on a sample from Pipe 2 6 months after exposure to a) Static tap water, b) Aerated tap water,
c) 3.5% NaCl
To better understand the condition of the pipes recovered from in-serviee failure the eolour of 
the corrosion product formed on the surfaee of the speeimens during the course of the 
eorrosion has also been studied. Figures 6.4 and 6.5 show the development of the corrosion 
product that formed on the surfaee of samples of the Pipe 2 material exposed to the statie and 
aerated solution of tap water respectively. For the speeimens exposed in static water, an 
initial layer of, adherent, red oxide formed after one month. Figure 6.4 (a), which slowly
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spread and thiekened, Figure 6.4 (b), whieh darkened over time and covered the entire surface 
of the samples, Figure 6.4 (e) and (d).
Î
K ' .
Figure 6.4 Corrosion product formed on a specimen from Pipe 2 exposed in static tap water after, a) 1 months, b)2 months, c) 5
months, d) 12 months
Specimens immersed in aerated tap water, developed an oxide film of an orange/brown 
eolure. Figure 6.5 (a), whieh subsequently ehanged to orange after 2 months. Figure 6.5 (b). 
This oxide layer was seen to be darkened over time. Figure 6.5 (e) and (d). These change in 
the eolour of the eorrosion product formed on the speeimens refleets the state of the ion 
eharge (Shreir et a l 1994).
This has implications for the failure analysis of pipes and the appearanee of the failed surfaee, 
which will be explained in section 6.7.
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Figure 6.5 Corrosion product formed on a specimen from Pipe 2 exposed in aerated tap water after, a) 2 months, b)3 months, c) 6
months, d) 12 months
6.2.2 Optical and scanning electron microscopy
The depth and form of the eorrosion that developed in the speeimens from Pipes 1, 2 and 3 
was assessed by metallurgical examination of cut-section. Figure 6.6 presents the 
photomicrographs taken from speeimens from Pipes 1 -3 and 9 months after being exposed in 
aerated tap water. From Figure 6.6 it can be seen that, the general corrosion is minor in all the 
specimens while localised corrosion seems to be the primary type of degradation. From 
Figure 6.6 it is also observed that the localised corrosion is more pronounced around carbon 
rich phases (graphite flakes) and it is more severe in Pipes 1 and 3 than Pipe 2. This can be 
attributed to the differences in the morphology of the graphite flakes and the mierostructure 
(Srinivasan and Kondic 1975; Tel'manova et al. 1980; Lunarska 1996; Al-Hassan et al. 1998).
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Figure 6.6 Photomicrographs of representative specimens from Pipes 1-3 after 230 days exposure to the aerated environment, a-b)
Pipe 1, c-d) Pipe 2, e-1) Pipe 3
This is also consistent with the inspection of the post-service pipes in this study. Table 6.1 
presents the typical depths, and widths, of corrosion, and its variation, observed in Pipes 1-3. 
From Table 6.1 it is seen that plates from Pipes 3, which was previously characterised 
(Chapter 4) identified as mainly pearlitic, experienced more eorrosion (corrosion pits) than 
Pipes 1, which was identified as 50% pearlitic and 50% ferrite, and Pipe 2, which was 
identified as mainly ferritie.
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Table 6.1 Proportion of specimens showing corrosion mean, pit depth and the pit width measured on specimens cut from Pipes 1-3.
Proportion of 
specimens showing 
corrosion
Pit depth Pit width Approximate 
installation yearMean
(mm)
Standard
deviation
Mean
(mm)
Standard
deviation
Pipe 1 8/10 2 0 .5 4 5 0.3 1923
Pipe 2 4/9 3 0 .5 13 1.8 1920
Pipe 3 9/9 9 1.2 117 18.2 1924
Figure 6.7 shows a more detailed view of the appearance of the corrosion product typically 
encountered.
Transition region Fully graphitised region
A H  - 7 ^ 1 ^
Original cast iron
Figure 6.7 View through the section of Pipe 3 showing the three main regions.
It can be seen to consist of three main regions. Firstly, the apparently unaffected original east 
iron, secondly a region on the surfaee which consists of fully graphitised material (in whieh 
the iron has essentially been removed), and a “transition” region between the two. This 
transition zone has been observed previously in cast iron water distribution mains (Belmonte 
et al. 2007). It has been observed that when the pipe samples are first cut the presence of this 
transition zone is not easily visible but after some period of storage in laboratory air it 
becomes delineated by the presence of a reddish/brown surfaee deposit. This is believed to be 
the result of an on-going graphitisation of cast iron, or at least transport ad oxidation of iron 
species to the surface, due to the presence of water retained or condensed on the surfaee of the 
sample (Mulheron 2010). It is a general observation that in some cases the layer of fully 
graphitised material can become debonded from the underlying transition zone material (e.g. 
samples of Pipe 3).
Figure 6.8 shows the typical form of corrosion observed in the Pipe 1 material after 230 days 
exposure to aerated tap.
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Eutectic
Pearlite
•iioV' c
m
Figure 6.8 Specimen from Pipe 1 after 230 days exposure to the aerated environment and etched with 2% Nital, a) 25X 
magnification, b) lOOX magnification, c) 200X magnification, d) 500X magnification
A closer look at Figure 6.8 (a) eonfirms three distinguishable bands with different features. 
Band A appears blaek (the graphitised zone) and shows a complete wastage of the metal from 
the outside surface. Band B shows a contrast of white and dark grey whieh is a mixture of 
non corroding eutectic phases and corroding ferrite and pearlite. Band C where ferrite 
(a iron) is missing from both pearlite and the mierostructure matrix. Figure 6.8 (b) and c are 
higher magnifications of the region highlighted by the red rectangle in Figure 6.8 (a) and 
shows that the more noble phases such as graphite flakes and eutectics (eementite or 
phosphide eutectic) appeared to form a galvanic couple with less noble phase in the 
mierostructure such as ferrite and pearlite. (Srinivasan and Kondic 1975; Tel'manova et ai 
1980; Ruscak and Pemg 1995; Lunarska 1996) also reported that pearlite and ferrite phases 
corrode in respect to eutectic and graphite phases. Although ferrite has a excellent capacity to 
pasivate (Abdul Azim and Sanad 1972; Shih et a l 1993; Al-FIassan et a l 1998) it is reported 
that it shows a high relative reactivity and poor ability to passivate when it is coupled with
148
Hamed Mohebbi Chapter 6. Results and discussion: Corrosion
more noble materials in the mierostructure (Ujiro et al. 1994; Jeong and Kim 2001; Song et 
al. 2002; Moreno et al. 2004). It is intersecting to compare the images in Figure 6.8 with 
Figure 6.9, which presents the SEM images taken from the corroded zone of samples from 
Pipes 1 -3 whieh had been aged in service.
Pearlite
Electron Image 1 100um Electron Image 1
Figure 6.9 SEM images of corroded zone of ex service pipes, a) graphitization initiates from the graphite flakes Pipe 3, b) details of a 
c) an example of corrosion of pearlite respect to the graphite and eutectic phases Pipe 1, d) details of c
These pictures confirm a relationship between morphology of the graphite flakes and the 
extent of the corrosion reaction. From Figure 6.9 it can be noted the corrosion process appear 
to have initiated from the graphite flakes and is more severe when graphite has a rosette 
morphology. Figure 6.9 (d) shows that where there is no graphite flakes; the other phases 
corrode in the order of their reactivity. That is, from Figure 6.9 (d) it can be seen that pearlite 
and ferrite form a galvanic couple with eutectics in the mierostructure (phosphide eutectic and 
eementite) and corrode in preference to them. In the presence of the graphite however, 
surrounding metal corrode in preference to graphite phase (Figure 6.9 (b)).
149
Hamed Mohebbi Chapter 6. Results and discussion: Corrosion
6.3. DC polarisation resistance and Tafel plot
Results of open circuit potential monitoring respect to saturated calomel electrode (SCE) of 
the specimens exposed in different test solutions is presented in Figure 6.10.
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Figure 6.10 Mean measured potential vs. time curve for Pipes 1-3 in different environments.
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From Figure 6.10 it can be seen that the open circuit potential for specimens of all three pipes 
in aerated environment move towards more positive potentials (less anodic) over time, 
indicating that there is on going corrosion that is producing corrosion products that act to limit 
subsequent corrosion. For the specimens exposed to static (anaerobic) conditions the 
potentials start at very negative values and remain so over the period of exposure. For the 
specimens exposed in 3.5% solution of sodium chloride the potential does not seem to follow 
a definite increasing trend and it appears to stabilise around -700mv.
The average corrosion potential for all of the specimens exposed in the aerated tap water 
experiments after 14 months was -475, -515, and -467 mV for Pipes 1-3 respectively. Figure 
6.10 (d). The fact that Pipe 2 has a more negative potential than Pipes 1 and 3 indicates that it 
is less stable (thermodynamically), which may reflect the microstructural differences of the 
pipes observed earlier in this study and reported previously by others(Srinivasan and Kondic 
1975; Tel'manova et a l 1980). However, for cast iron of the same class the corrosion rate is 
expected to increase with an increase in graphite and pearlite volume fraction.
Figure 6.11 gives the results of polarisation resistance versus Tafel slopes obtained from 
polarisation scan of the specimens using Gamry Framework version 5.5. From Figure 6.11 
(a) and (b) it is seen that Tafel slopes for the specimens exposed in aerated water are not 
consistent and are found to be higher than those reported in the literature (Krivosheev et al. 
1973; Mehra and Soni 2002; Smart et al. 2002, 2002). This suggests that the corrosion 
mechanism in aerated tap water may be controlled by the diffusion of ion species through the 
existing oxide layer. In the case of the specimens in an aerated solution of 3.5% NaCl, the 
presence of the chloride ion increases the conductivity of the solution and promotes the 
dissolution of iron. This increases the concentration of iron ions in the solution, causing the 
ions to react with the oxygen at a higher rate. Figure 6.11 (c) shows a consistency between 
the values obtained for Tafel slopes. These values were measured to be in the range of 25-29 
and 58-61mV/decade for anodic and cathodic process respectively suggesting that the 
corrosion process is controlled by either the cathodic or anodic reaction. When comparing it 
with previously reported values for the Tafel slope for ferrous alloys, which range between 
46-60, and 50-79 mV/decade for anodic and cathodic slopes (Jayaraman et al. 2007), the 
difference between these values, for the anodic process in particular, suggests that the 
corrosion of cast iron does not occur by a single reaction. This effect is more pronounced
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when comparing it with the anodic Tafel slopes reported in the literature (Jeong and Kim 
2001), which are in the range of 40-60 mV/decade for different ferrous alloys suggesting 
dissolution of Fe^  ^as the anodic reaction.
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Figure 6.11 Polarisation resistance vs. time for Pipes 1-3 in different environment
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Figure 6.12 present plots of potential versus eurrent density obtained from Tafel scan of the 
specimens from Pipes 1, 2, and 3 in different test solutions.
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Figure 6.12 Potential polarisation curves for Pipes 1-3 in different test solution
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From Figure 6.12 (a)-(d) it is seen that specimens of the different pipes exposed to the same 
environment show similar behaviour in the shape of the curve despite of the variation in 
mierostructure and corrosion potential and no distinctive pattern is seen between the plots of 
different pipes. It is also seen that a high corrosion rate is expected for the potential greater 
than 20mV anodic to the rest potential for the electrodes exposed to aerated solution of 3.5% 
sodium chloride. For the specimens exposed to tap water, both aerated and static, the high 
corrosion rate is expected at much higher anodic potential to the corrosion potential.
Table 6.2 summarises the mean average rest potential (Ecor), Tafel slopes (Ba and Bj, 
polarisation resistance (PR), and eorrosion rate (CR) using the polarisation technique for all of 
the specimens tested. Data regarding the potentiostatic parameters obtained by DC 
polarisation technique for all the specimens is presented in Appendix 8. The calculated 
corrosion rates also are consistent and within the range reported in the literature (Krivosheev 
et al. 1973; Mehra and Soni 2002; Smart et al. 2002, 2002).
Table 6.2 Mean and standard deviation (SD) of the potentiostatic parameters obtained by DC polarisation technique for specimens
from Pipes 1-3 exposed in different test solutions
Ecor
(-mV)
PR
(ohm)
fia
(mV/decade)
fic
(mV/decade)
CR
(mm/year)
Mean SD Mean SD Mean SD Mean SD Mean SD
Aerated 
(after one year)
Pipel 472 9 63 53 230 100 165 61 0.19 0.13
Pipe2 515 7 142 142 299 132 218 113 0.12 0.11
Pipes 467 7 54 59 222 88 164 113 0.19 0.11
Static 
(after one year)
Pipel 692 4 90 4 476 61 250 20 0.15 0.03
Pipel 695 10 54 7 356 48 223 4 0.14 0.04
PipeS 685 3 75 5 401 3 244 5 0.17 0.06
Aerated 3.5% 
NaCl 
(after six months)
Pipel 689 1 10 6 67 11 31 9 0.2 0.06
Pipel 697 5 8 1 54 5 29 3 0.15 0.04
PipeS 687 7 9 1 59 4 25 2 0.13 0.01
From Table 6.2, not much difference is seen between corrosion rates of the specimens 
exposed in different environment. That is, specimens exposed in %3.5 NaCl are expected to 
have much higher eorrosion rate than specimens exposed in aerated and static tap water 
respectively (Shreir et al. 1994). This can be attributed to the limitation of the technique, 
which relies on values of Tafel constants for the calculation of corrosion rate. As discussed 
earlier, these values are higher than reported by the literature, which suggested that eorrosion
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mechanism is controlled by the diffusion of ion species through the oxide layer. The thicker 
the oxide layer, the more difficult it is for the ions to diffuse in and out. Hence, because of the 
thick oxide layer formed on the surface of specimens during the period of the experiment the 
corrosion rate calculated by DC polarisation (Tafel) technique can be very misleading.
6.5 EFM results
Figure 6.13 is an example of the alternating current response against harmonic and 
intermodulation frequencies response of a sample of Pipe 2 exposed to aerated water.
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Figure 6.13 Harmonic and intermodulation frequencies resulting from the frequencies of 0.2 and 0.5 Hz
Table 6.3 is a summary result of the mean average Tafel slopes (Ba and Bj and eorrosion rate 
(CR) obtained using EFM technique. Data regarding the potentiostatic and EFM parameters 
obtained by EFM technique for all the speeimens is presented in Appendix 8.
From Table 6.3 the values of corrosion current and eorrosion rate obtained by EFM technique 
are also in good agreement with (Krivosheev et al. 1973; Mehra and Soni 2002; Smart et al. 
2002; Jayaraman et al. 2007) except for those in chloride-rich environment. The corrosion 
rate obtained by EFM for speeimens exposed in 3.5% sodium chloride environment is 
expected to be higher than those obtained by other techniques because the EFM technique is 
more sensitive to changes in corrosiveness of the environment (Bosch et al. 2001; Abdel- 
Rehim et al. 2006). Comparing the corrosion rate obtained by EFM in different test solution
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it is seen that Pipes 1 and 3 appear to have a higher corrosion rate than Pipe 2. This can be 
attributed to the differences in the mierostructure of these pipes. The reflection of the 
environment on data obtained using EFM leads to a higher prediction of eorrosion rate as well 
as low values of causality factors. The idea behind this causality factor is that it can be used 
to check the quality of the data. The causality factor is calculated from the frequency 
spectrum of the eurrent response. If the causality factors are approximately equal to the 
predicted values of 2 and 3, it can be deduce that the measured data is of good quality. 
However, due to the sensitivity of EFM technique to the corrosiveness of environment as well 
as the background noise the causality factors values of less than one (<1) are also consistent 
with the literature (Bosch et al. 2001 ; Abdel-Rehim et a l 2006).
Table Mean and standard deviation (SD) of the potentiostatic and EFM parameter obtained by EFM technique for specimens
from Pipes 1-3 in different test solutions
Ba
(mV/decade)
i3c
(mV/decade)
C2 C3 CR
(mm/year)
Mean SD Mean SD Mean SD Mean SD Mean SD
Aerated 
(after one year)
Pipel 208 48 216 49 1.0 0.20 0.8 0.20 0.29 0.16
Pipe2 224 104 233 107 1.1 0.47 1.3 0.60 0.25 0.25
PipeS 180 41 187 41 0.8 0.31 1.0 0.26 0.30 0.16
Static 
(after one year)
Pipel 126 12 131 12 1.0 0.05 1.3 0.50 0.08 0.01
Pipe2 117 13 119 3 0.9 0.06 0.8 0.07 0.13 0.04
PipeS 182 38 197 35 3.7 2.80 1.0 0.60 0.12 0.03
Aerated 3.5% 
NaCl 
(after six months)
Pipel 29 5 30 5 1.0 0.69 3.7 1.20 0.69 0.09
Pipe2 31 5 32 5 1.0 0.55 2.9 0.86 0.53 0.02
PipeS 29 10 30 11 1.1 0.60 3.5 1.25 0.60 0.24
As expected, the electrochemical behavior of cast iron is very different in non-chlorinated and 
chlorinated waters. Moreover, the morphology, color, chemical state of the elements and 
phases of the eorrosion products formed on the specimens in different solution is different.
6.5. Identification of the corrosion products
6.5.2. XPS results
As was explained in Chapter 2, corrosion products formed on the surface of specimens 
depends on the mechanism of the corrosion, whieh in turn is a function of environment.
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Hence studying of the corrosion product/s can provide useful information regarding the 
corrosion mechanism and identification of the produet/s formed on the specimens. That is, 
XPS analysis of the outer and inner face of the corrosion product provide information 
regarding the chemical state of the eorrosion produet/s, while the XRD information is useful 
in phase identification of the corrosion product/s (Watts and Wolstenholme 2003).
Figure 6.14 and 6.15 present the XPS survey obtained for two specimens from Pipe 2 exposed 
in aerated tap water and aerated 3.5% NaCl and confirm the presence of Fe2p, Ols, Cls, 
C12p, and Nals along with Mn2p3, Nls, and Si2s. These data show that the corrosion 
product formed on the specimens are primarily the base metal oxide with some carbon.
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Figure 6.14 XPS spectra of a sample from Pipe 2 after 440 days exposure to aerated environment, a) XPS survey of the outer surface 
of the corrosion product, b) Fe2p spectrum of outer face, c) XPS survey of the inner surface of the corrosion product, d)Fc2p
spectrum of inner face
Figure 6.14 (b) and (d) reveal the shake-up satellite, a smaller peak accompanied by a larger 
peak (Watts and Wolstenholme 2003) for Fe2p3/2, whieh is observed to be the same for both 
the outer and the inner corrosion surface and suggests that the corrosion product at the oxide 
outer surface and the oxide inner surface are the same or very similar. The binding energy of 
710.5eV for Fe2p3/2 is an indication of the oxidized Fe components and the shake-up satellite 
is the typical energy pattern for F0 2 0] iron oxide, which is a stable oxide film and is 
considered to be insoluble in water (Moulder et al. 1995; Arjunan et al. 2005). Any evidence
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that indicates the existence of Fe^  ^ ion species on the corrosion products indicates that the 
corrosion mechanism is controlled by oxygen diffusion through the adhering corrosion 
product (Shreir et al. 1994).
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Figure 6.15 XPS survey of a sample from Pipe 2 after 250 days exposure to aerated 3.5% NaCl environment, a) XPS survey of the 
outer surface of the corrosion product, b) Nals spectra of the outer surface, e) XPS survey of the inner surface of the corrosion
product, d) C12p spectra of the inner surface
Figure 6.15 confirms the presence of chloride ions on the inner face of the corrosion product 
whereas sodium ions are observed on the outer face. The comparatively strong signal of 
chloride ion from the inner surface of the corrosion product, where it is in contact with the 
metal, suggests that this is an anodic face with respect to the outer surface where the intensity 
of sodium iron signal is larger. The XPS spectrum observed for the bonding energy of iron 
ion of the inner surface of the corrosion product is not a complete shake-up satellite, which 
suggests that perhaps both Fe^  ^and Fe^  ^ion species exist in the corrosion product. This is an 
indication that electrons generated by oxidation of iron can be readily consumed by the 
oxygen present in the electrolyte through the porous conductive corrosion layer. Thus, the 
corrosion mechanism is less dictated by the diffusion of oxygen. The observed difference 
between the XPS data from the sample exposed to aerated tap water and aerated 3.5% NaCl 
suggest a different mechanism of corrosion. This is confirmed by Ols spectra observed for 
the specimens retrieved from aerated and aerated 3.5% NaCl test solution (Figure 6.16).
158
Hamed Mohebbi Chapter 6. Results and discussion: Corrosion
This has implication that the corrosion mechanism of the pipes buried underground is a 
function of the soil type, which can vary from non-corrosive to highly corrosive, as well as 
surrounding environment, which can also vary in degree of aeration.
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Figure 6.16 Ols XPS spectra of samples from Pipe 2 after, a-b) 440 day exposure to aerated tap water, c-d) 250 day exposure to 3.5%
NaCl ^
Figure 6.17 presents an example of the reeorded XRD pattern for the corrosion product 
formed on a specimen from Pipe 2 after 15 months exposure to the aerated tap water.
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Figure 6.17 XRD from corrosion product of an specimen from Pipe 2 after 15 months exposure to aerated water
159
Hamed Mohebbi Chapter 6, Results and discussion: Corrosion
The XRD patterns recorded for the inner most and outer most corrosion products formed on 
the specimens from Pipes 1-3 exposed in statie tap water, aerated tap water and 3.5% solution 
of the NaCl exhibit a very low crystillanity, whieh makes a quantitative phase analysis 
impossible. A comparison between the main peaks in eaeh sample diffraction pattern and the 
suggested mat eh library pattern is presented in Appendix 9.
Figure 6.18 is the example of the eomparison between the main peak diffraeted pattern seen 
in Figure 6.17 and the matched library pattern for a sample from Pipe 2 after 15 months 
exposure to the aerated tap water. The results of XRD examination suggest that the majority 
of the phases present are oxides or oxide-hydrides of iron. Also, some chlorine eontaining 
phase in the samples exposed to sodium chloride environment, and ealeium eontaining phases 
in samples exposed to tap water are also detected. It should be emphasised that the low 
erystillanity in the phases present makes a definitive identification unrealistic.
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Figure 6.18 XRD peak diffracted pattern from a sample from Pipe 2 after 15 months exposure to aerated water
Tables 6.4 - 6.6 present the iron oxide minerals detected by XRD teehnique on the outer and 
inner most eorrosion products on the representative speeimens from Pipes 1, 2, and 3, whieh 
has been exposed in aerated tap water, static tap water, and 3.5% solution of sodium chloride.
From Tables 6.4- 6.6 it is seen that the phases in the corrosion product formed on the outer 
face of all the specimens are very similar. This suggests that the speeimens had come to an 
equilibrium with the environment due to the fact that hydroxyl are the more stable ion speeies
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at ambient temperature (Ziemniak 1992). The minor differences between them can be the 
result of different degrees of hydration. On the other hand, the corrosion products formed on 
the inner face seem to be dictated by the environment and the material. The formation of 
species such as Fc304 in static tap water (Table 6.5) as a result of solubility of Fe^^ to Fe^  ^
and FeCls in aerated chlorine-rich environment (Table 6.7) is generally expected (Shreir et a l 
1994). However, the solubility of Fe^^ and Fe^  ^ and hence the final corrosion product is 
reported to be a function of both potential and pH (Makar and Tromans 1995). Hence, giving 
the range of test solution as well as corrosion potential for different microstructure material 
(section 6.4), it is not unrealistic to see a range of corrosion product on the surface of the 
specimens.
Table 6.4 Iron oxide mineral detected by XRD on the outer and inner face of corrosion products of a specimen from Pipe 1
Pipe 1 Inner face Outer face
Static Fe(0H)3 Fe"+0(0H)
Aerated
Fe"+0(0H)
Ca(COB)
Fe^^O(OH)
Aerated 3.5% NaCl FeO(OH) FeOOH
Table 6.5 Iron oxide mineral detected by XRD on the outer and inner face of corrosion products of a specimen from Pipe 2
Pipe 2 Inner face Outer face
Static Fe304, FeO(OH), 
CaO
Fe'+0(0H)
Aerated
Fe'^O(OH)
Ca(C03)
Fe'^O(OH)
Ca(C03)
Aerated 3.5% NaCl
FeO, Fe"+0(0H),
Ca3Fei$025
Fe(0H)3
Table 6.6 Iron oxide mineral detected by XRD on the outer and inner face of corrosion products of a specimen Pipe 3
Pipe 3 Inner face Outer face
Static Fe'+0(0H)
FeOOH
Fe"+ 0(0H )
Aerated
FeOOH
FeClz
Fe^^O(OH)
Aerated 3.5% NaCl
Fe'^O(OH)
FeCb
Fe^^O(OH)
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6.7. Corrosion of the fractured surface
As indicated earlier, when a main (trunk or distribution) fails, it imposes a great deal of 
disturbance to the business public and traffic. In most cases there is the potential for flooding 
and even loss of life is a possibility. These events are inherently costly; both fi’om an 
environmental point of view (as water is being lost) and capital aspect (damages to the 
businesses, installation of the new pipe). There is an ongoing debate whether pipes that failed 
catastrophically have been leaking for some time before the event. In this case, it is crucial to 
understand what a fracture surface would look like after being exposed to the surrounding 
medium e.g. being washed by the flowing water of the pipe or exposed in moist surrounding 
soil.
Hence, it is very important for the water industry to have a set of data (images) to which the 
identification of the fi*acture surface can be referenced. This identification includes the effects 
of medium and time on the appearance of the fi'acture surface of the failed pipes and will 
contributes towards the overall goal of the project, which is the understanding of the failure 
mechanism of the pipes. To support the water industry with the identification of the fracture 
surface of a failed pipe, a series of specimens was prepared and exposed to static tap water 
and aerated tap water.
Figure 6.19 - 6.20 present the images taken fi*om the surface of the fi*actured specimens fi*om 
Pipes 1-3, and 9 exposed in static and aerated tap water for period of 3, 12, 60 and 100 days.
From Figure 6.19 (a)-(d) it can be seen that soon after the exposure of the specimens to the 
static water the corrosion product started to develop on the fractured surface rapidly (Figure 
6.19 (a)). 12 days after the commencement the corrosion is pronounced on all the specimens 
(Figure 6.19 (b)). Figure 6.19 (c) and d reveals that there are not noticeable differences 
between the corroded surface of the specimens 60 and 100 days after the exposure. This 
implies that perhaps the specimens have reached to equilibrium and are corroding at a lower 
rate (Figure 6.19 (c) and (d)).
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Figure 6.19 images taken from the fractured surface of the specimens from Pipes 1-3 and 9 exposed in static tap water after, a) 3
days, b) 12 days, c) 60 days, d) 100 days
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Figure 6.20 Images taken from the fractured surface of the specimens from Pipes 1-3 and 9 exposed in aerated tap w ater after, a) 3
days, b) 12 days, c) 60 days, d) 100 days
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From Figure 6.20 (a) it can be seen that, 3 days after the exposure to the solution all the 
specimens show a high initial corrosion rate. From Figure 6.20 (a)-(d) also it can be seen that 
the corrosion products formed on the surface of the specimens retrieved from the test solution 
after 3, 12, 60 and 100 days are not significantly different. This can be due to the fact that 
corrosion rate of the specimens in oxygenated environment does not slow down unlike the de­
aerated environment (static).
A closer look at Figure 6.20 (a)-(d), two distinct corrosion morphologies can be identified, 
which can be the reflection of microstructure of the specimens. That is, Pipe 2, which was a 
ferritic cast iron, has developed a thin corrosion layer. On the other hand, Pipe 3 and 9 having 
the most pearlite content (being pearlitic) have developed a porous corrosion layers that can 
be characterised as dimple. This perhaps is the reflection of the pearlitic matrix of the 
microstructure.
These results can be used as a reference for the identification of the fi'acture surface and the 
approximate time and mode of failure. That is, as indicated in Chapter 1, the main hypothesis 
surrounding failure of the pipes is the generation and subsequent propagation of defects and 
damages. , Within this hypothesis, an important issue for the water industry is whether the 
failure process involves a sustained period of leakage prior to final fi’acture (catastrophic 
failure). If this were the case then there would, in principle, be a time window in which the 
leak could be detected and a repair work could be carried out. Hence, the visual observations 
of the corrosion of a previously fractured pipe are of particular importance since they provide 
a reference for engineers in the water industry. Other fracture surfaces that arise in service 
can be compared with the reference and in this way conclusions can be drawn as to whether 
the service failure was preceded by sub-critical crack growth.
6.8. Concluding remarks
The results from all the different techniques employed in this study indicates that corrosion 
behaviour of cast iron pipes in aerated tap water is primarily governed by the active 
dissolution of iron, and absorption of OH' on the ferrous surface. The dissolution rate is 
expected to increase as the solution becomes more alkaline. Furthermore in neutral 
environment the corrosion mechanism appears to be controlled by the diffusion of the ion
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species, while in alkaline chloride solutions, the rate of corrosion is controlled by anodic and 
cathodic process.
The corrosion rate of grey cast iron pipes in aqueous environment can range between 0.1-0.7 
mm/year depending on the oxygen level and the corrosiveness of the environment, which has 
implication on the service life of the water trunk main. When considering cast irons of 
different class, microstructural features such as ferrite, pearlite, and graphite flakes seems to 
be a key factor in characterising the corrosion rate and properties of cast iron. The results also 
suggest that the localised corrosion is the primarily type of corrosion degradation experienced 
in cast iron water pipes. The intensity of the localised corrosion depends on the extent at 
which some microstructural features such as pearlite and graphite flake exist in the 
microstructure. That is, the localised corrosion was observed to be much greater in the pipes 
whose microstructure is identified as pearlitic with the rosette graphite morphology.
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Chapter 7 Concluding Remarks and Recommendations for 
Further Work
7.1 Concluding remarks
The aim of this work was to contribute to the development of an understanding of condition 
of cast iron trunk mains in order that an asset life model can be developed by the water 
industry. This requires an understanding of the mechanisms by which cast iron pipes fail in 
service and the role of the surrounding environment and the service loading on their 
performance. This led the present study to investigate the microstructure, mechanical 
properties and corrosion behaviour of a range of cast irons representative of those used in 
service.
7.1.1. Material structure and properties
Grey cast iron pipes make up some 70% of the cast iron water network. These cast iron pipes 
can be categorised according to their metallic matrix (ferritic and pearlitic pipes) and their 
graphite flake size, shape, and distribution. OM and SEM examination carried out on samples 
from 9 trunk main pipes that failed previously in service, show a microstructure that consists 
of a network of graphite flakes dispersed in a metallic matrix. The phases of the 
microstructure were identified to be ferrite, pearlite, phosphide eutectic, cementite, and 
graphite. OM revealed a through thickness variation in the microstructure of some pipes, 
which is thought to be a result of the manufacturing process.
The metallic matrix of the pipes was identified to range from a mainly ferritic matrix (above 
50% ferrite content) to a fully pearlitic matrix. The graphite flake size and morphology 
ranged from randomly oriented flakes (ASTM Type A) to a full rosette (ASTM Type B). The 
graphite phase is considered to be an inherent material defect and hence to concentrate 
stresses imposed on the pipes. The length of the graphite flakes was measured to be in excess 
of 1 mm in some pipes.
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Hardness tests were also carried out on samples from all nine pipes. Hardness values 
obtained from the tests were seen to be microstructure-dependent with pearlitic pipes showing 
higher values of hardness.
7.1.2 Mechanical behaviour
A fracture toughness investigation was carried out on the specimens from all nine pipes by 
employing a Single-Edge-Notch-Bend test configuration. The mean fracture toughness value 
obtained for all nine pipes was found to range from 15.4- 26.4 MN/m^^ .^ Fracture toughness 
values were higher for the pipes with a more pearlitic microstructure. It was also observed 
that the fracture toughness values had a decreasing trend with increasing graphite content of 
the microstructure. The effect of geometrical factors, such as size of the notch and the 
thickness of the specimens, were also investigated. It was observed that their variation had no 
significant impact on the measured fracture toughness values, which were taken therefore to 
be representative of the plane strain condition.
To help to understand the performance of the buried cast iron pipes when subjected to 
alternating loads in service, e.g. traffic loading, a series of fatigue experiments on specimens 
taken from the ex-service pipes was conducted. Specimens were machined prior to the 
fatigue test in order to remove any artefacts attached to the surface (from the service) and 
eliminate any effect of corrosion (graphitised zone). Fatigue test was conducted by 
employing a constant-load amplitude and a SENB test configuration. For the fatigue study, 
specimens that were representative of the microstructure seen for all nine pipes were chosen. 
A clear difference between the fatigue behaviour of the pipes with different microstructure 
was observed, while some variation between the fatigue behaviour of pipes with the same 
identified macrostructure was also observed. The variation within a given material was 
associated with the tortuous nature of the crack path, which would vary from sample to 
sample and is a function of the microstructure. Fractography of the surface of the fatigue 
failed specimen revealed two distinct regions corresponding to the transition between stable 
fatigue crack growth and the final catastrophic fracture. With regard to the fatigue behaviour 
of pipes with different microstructure, it was observed that the specimens from pipes with 
higher pearlite content showed a better fatigue performance. It was also observed that, as the 
graphite content of the microstructure decreased, the fatigue performance increased. In other
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words, at a given applied stress intensity range, the crack growth rate was observed to 
decrease as the graphite content decreased. In addition to graphite content, a role for graphite 
flake morphology in these trends was also noted. It was observed that as the graphite flake 
morphology became Rosette (ASTM Type B) the specimens showed a better fatigue 
performance than Random (ASTM Type A).
Data have been presented relating to the Paris relations for a range of cast irons. Constants of 
the Paris relation were found to range from 6 to 9.5 for constant m and 2x10'^^ to 2x10'^^ 
mm/cycle for constant A. Integration of the Paris relation has been used to consider the role 
of defects, specifically those that may arise in service as a result of corrosion, on fatigue life 
and this has been correlated with previously published data for laboratory tests on specimens 
from distribution mains. It appears that the growth of defects by mechanical fatigue in 
isolation may not be a major consideration for the asset management of cast iron water 
infrastructure.
7.1.3 Corrosion behaviour
To understand the mechanism of the chemical degradation of the pipes i.e. corrosion 
behaviour of the in-service pipes, a series of corrosion experiments was conducted on the 
specimens from Pipes 1 to 3. This included employing various techniques such as DC 
polarisation, Tafel plot, and EFM to measure the corrosion rate of the specimens. The 
corrosion test was conducted in three different environments resembling the assumed 
environments in which pipes are thought to operate. These were static water, aerated tap 
water, and aerated water with 3.5%NaCl, which is known to be a very corrosive environment. 
Specimens immersed in static tap water showed the lowest corrosion rate. On the contrary, 
specimens exposed in aerated solution of 3.5%NaCl were found to have the highest corrosion 
rate. XPS and XRD examination of the corrosion product coupled with the results from DC 
polarisation and EFM identified a difference in the component of the corrosion layer formed 
on the specimens exposed in the different test solution. The results from this work indicate 
that localised corrosion is the main type of corrosion degradation experienced in the cast iron 
water pipes.
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The general corrosion rate obtained by different techniques follow a similar trend, although 
they are not consistent due to the limitation of each technique. The corrosion rate of the 
specimens using DC polarisation technique was measured to range from 0.136-0.146 
mm/year, 0.122-0.195 mm/year, and 0.135-0.18 for specimens in static tap water, aerated tap 
water, and aerated NaCl solution of tap water respectively. Corrosion rate of the specimens 
using EFM, which is believed to be more representative of long-term behaviour, was 
measured to range from 0.075-0.12 mm/year, 0.24-0.303 mm/year, and 0.52-0.7 for 
specimens in static tap water, aerated tap water, and aerated NaCl solution of tap water 
respectively. The values calculated for the corrosion rate of cast iron specimens obtained by 
DC polarisation must be viewed with caution. This is because Tafel slopes obtained from 
Tafel plots do not represent the actual number of electron exchanged in the reaction due to 
competing mechanism, such as oxygen diffusion mechanism. A slight variation between the 
values obtained for the corrosion rate of the specimens from different pipe was also observed. 
Generally the corrosion rate for the specimens from ferritic pipes was seen to be slightly 
lower than the pearlitic counterparts.
The corrosion product formed on the specimens immersed in the solution of aerated tap water 
was seen to be a porous adhering layer, while the corrosion product formed on the specimens 
immersed in the 3.5%NaCl solution took the form of a non-adhering delaminating layer. The 
corrosion mechanism of the specimens immersed in de-aerated and aerated solution of tap 
water was dictated by diffusion of the oxygen and iron ions to and from corrosion product 
formed on the surface of the specimens. Corrosion mechanism of the specimens immersed in 
aerated solution of 3.5%NaCl was observed to be governed by the active dissolution of the 
iron from the surface.
From the photomicrographs of the specimens removed from the test solution on a scheduled 
time table, preferential corrosion sites were observed on a micro-scale. These micro­
corrosion sites were associated with local galvanic couples between different phases of the 
microstructure. Similar mechanisms were observed from the SEM images taken from the 
corroded zone of samples from pipes which had been aged in service.
A series of specimens was fractured and subjected to static and aerated test solution. The 
images taken from the fractured surface over the period of days, weeks and months can be
170
Hamed Mohebbi___________________________ Chapter 7. Concludins remarks and further work
used as reference data for the post-failure analysis of the pipes and help in the identification 
and investigation of the fracture surface of failed pipes. They also provided background data 
to assist with the estimation of the time, and mechanism, of the failure.
Overall this part of the study has shown that the corrosion rates obtained in the laboratory 
under controlled conditions representative of those in service will lead to significant loss of 
section in service, which is consistent with the depths of corrosion apparent on the failed 
pipes.
7.2 Recommendations for further work
The work presented in this thesis incorporates three main technical areas for the 
characterisation of the failure mechanism of the pipes; these are: material/microstructure, 
mechanical performance and corrosion behaviour under a range of service loading and 
environmental exposure. While significant progress was made in each area, there is scope for 
further study to achieve a better understanding of the factors controlling the failure of cast 
iron pipes. These are listed below:
1. Although the rate of fatigue crack growth as a function of microstructure was 
characterised in detail in this work, the possible interaction of mechanical fatigue and 
corrosion (“corrosion fatigue”) was not considered. Further, possible mechanisms of 
crack initiation, e.g. from a corrosion pit, require investigation. These areas seem 
particularly important, if  mechanical fatigue in isolation does not lead to significant 
crack growth in service.
2. Another important area for further investigation is a better understanding of the 
stresses generated in pipes in service. Further, the effects of corrosion pits on the 
strength of pipes and their subsequent response to environmental condition (and 
service loading) require attention.
3. Finally, in the absence of historical data, which is the case for most pipes, a statistical 
study is required to incorporate all the findings of this work in formulating the time 
dependent reliability problem (and associated risk) for in-service pipes. In the light of
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this, for the estimation of the future performance of the in-service pipes, it is possible 
to use Linear Elastic Fracture Mechanics as the core method of analysis. That is, 
whether defect/s (corrosion pits) will grow to a critical size that can not be sustained 
by the pipe anymore may be addressed by a Fracture Mechanics approach. Such a 
model will take into account the effects of some uncertainties, e.g. the variation of the 
microstructure and the condition of surrounding environment of the pipes in the form 
of variation in the fracture properties and the corrosion performance of in-service 
pipes in relation to their underlying microstructure.
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Appendix 1 Grinding and polishing schedule for cast iron samples
Grinding I II III IV
Equipment PLANAPOL/PEDEMAX
Specimen holder Six specimen
Disc/Cloth
Grinding Media Silicon Silicon Silicon Silicon
Grit/Grain size 120 320 500 1200/2400
Lubricant Water
Speed rpm 300
Pressure N 120
Time sec/min Till plane 2min
Polishing I II III IV
Equipment PLANAPOL/PEDEMAX
Specimen holder Six specimen
Disc/Cloth DUR DUR MOL OP-CHEM
Grinding Media Diamond spray OP-U
Grit/Grain size 6p 3p Ip 0.25p
Lubricant Blue None
Speed rpm 120 120 90 90
Pressure N 300
Time sec/min 2min 30sec+10sec water
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Appendix 2 Microphotographs showing through thickness microstmcture variation for
Pipes 1-9
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Appendix 3 SEM Microphotographs produced during the compositional analysis of the 
samples from Pipes 1-9 along with the elemental composition of them.
Pipe 1
Electron Im age 1 Electron Image 1
Electron Image 1 Electron Im age 1
Figure A3.1 EDX spot analysis of a sample from Pipe 1 
Table A3.1 Elemental analysis of a specimen taken from Pipe I (Figure A313), all results in weight%
Site of 
interest Spectrum C Si P V Cr Fe As Total
i
Spectrum 1 1.67 1.53 0 .65 100 103 .85
Spectrum 2 2.09 1.62 0.63 100.81 105 .15
Spectrum 3 A83 1.67 0 .42 9 7 .0 2 103 .94
Spectrum 4 10.27 1.97 0 .79 9238 105 .6
Spectrum 5 10.01 6 .12 1.2 0.61 90.65 108 .6
Spectrum 6 2.41 233 039 9 9 .5 7 104 .69
ii
Spectrum 1 4 .03 1.6 1.75 9933 0 .5 9 107.91
Spectrum 2 5.2 1.67 0 .53 100 .03 107 .43
Spectrum 3 5.71 1.72 0 .3 4 9837 1 0 6 .3 4
Spectrum 4 10.73 1.95 036 9335 1 06 .79
Spectrum 5 10.4 132 0.71 94 .21 107 .13
Spectrum 6 l a s 248 0 .49 100.21 10 5 .9 6
iii
Spectrum 1 2^5 15.53 0 .4 9 8638 8638 105 .15
Spectrum 2 1.96 2 0 .4 4 100 .37 100 .37 1 04 .76
Spectrum 3 1.99 2.09 0.63 98.1 984 102.81
iv Spectrum 1 11.99 2.05 2 9942 1 15 .56
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Pipe 2
1
E lec tr o n  Im a g e  1
IV
E lec tr o n  Im a g e  1 E lec tr o n  Im a g e  1
VI
Figure A3.2 EDX area and spot analysis of a sample from Pipe 2 
Table A3.3 Elemental analysis of a specimen taken from Pipe 1 (Figure A3.2), all results in weight%
Site of 
interest
Spectrum C Si P S V Mn Fe Total
i Spectrum 1 3.08 15.46 0.43 0.61 85.86 105.44
Spectrum 2 26^5 2^4 1.37 037 0.57 95.91 127.07
ii
Spectrum 1 31^5 232 138 0 0 0.61 95 131.27
Spectrum 2 233 242 035 0 0 0 9&43 104.02
iii
Spectrum 1 13.62 237 1.31 0 0 0 97.83 115.32
Spectrum 2 3 243 032 0 0 0 993 105.85
iv
Spectrum 1 2^4 3.17 0 0 0 0 9838 104.04
Spectrum 2 3446 233 1.52 0 0 0 94.14 132.85
V
Spectrum 1 27.94 235 1.81 0 0 033 95^3 128.25
Spectrum 2 3.01 2.61 036 0 0 0 97.34 103.31
vi
Spectrum 1 2.57 2.61 0.37 0 0 0 99 104.55
Spectrum 2 24.92 237 1.8 0 0 032 9633 126.03
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Pipe 3
lOOum Electron Image 1 Electron Image 1
Electron Im age Electron Im age 1
HÔMn Electron Im age Electron Im age 1
Figure A3.3 EDX area and spot analysis of a sample from Pipe 3 
Table A3.3 Elemental analysis of a specimen taken from Pipe 1 (Figure A3.3), all results in weight%
Site of 
interest Spectrum C O Si P S Cl Ca Mn Fe Total
i Spectrum 1 2148 032 1.71 0.81 94.47 121.28
Spectrum 2 236 0.7 0.45 97.86 101.56
ii Spectruml 2634 0.74 1.95 037 9176 123.66
iii Spectruml 24.92 1.05 042 035 1.01 9838 126.34
iv Spectruml 35.16 35.04 1.7 035 038 0.73 61.24 135.09
V Spectruml 40.16 36.63 132 0.51 032 0.66 61.18 141.27
vi
Spectruml 2237 3936 2.15 1.42 032 0.41 1.41 5343 121.47
Spectrum! 2047 3939 3.01 1.91 046 0.25 0.4 242 5035 119.46
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Pipe 4
E lec tron  Im a g e  1 fciecü-on Im a g e  1
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E le c tr o n  Im a g e  '
Figure A3.4 EDX area and spot analysis of a sample from Pipe 4 
Table A3.4 Elemental analysis of a specimen taken from Pipe 1 (Figure A3.4), all results in weight%
Site of 
interest Spectrum C O Si P S Ca Ti V Mn Fe Total
Ii
Spectrum 1 36.13 1.74 1.51 038 039 0.51 92.41 132.78
Spectrum 2 242 236 037 97.03 102.58
ii
Spectrum 1 3644 2 0.72 0 0.44 9243 133.02
Spectrum 2 1.73 35.68 59.99 1.92 9932
iii
Spectrum 1 14.53 139 2.04 0.4 96.07 114.95
Spectrum 2 244 35.35 61.76 1.7 101.6
Spectrum 3 11.76 1.37 0.31 5.1 12.78 78.14 109.47
iv Spectrum 1 10.94 36.94 532 245 036 0.42 0.34 1.05 52.61 110.42
V Spectrum 1 41.99 4549 536 1.27 038 0.69 4548 141.25
vi
Spectrum 1 30.43 35.11 4.41 1.05 036 038 0.4 5233 124.67
Spectrum 2 10.43 3334 1.53 033 0.53 58 104.85
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Pipe 5
E lec tr o n  Im a g e  1
111 IV
E lec tr o n  Im a g e  1 E lec tr o n  Im a g e  1
Figure A3.5 EDX area and spot analysis of a sample from Pipe 5 
Table A3.5 Elemental analysis of a specimen taken from Pipe 1 (Figure A3.5), all results in weight%
Site of 
interes 
t
Spectrum C O A1 Si P S Cl Ti V Mn Fe Nb Total
Spectrum 1 12.5 1.97 1.09 9&5 112 .02
Spectrum 2 2L9 5&8 2&3 439 1 05 .42
Spectrum 1 5.1 1.85 1.69 0 0 0 0 .3 7 97.1 10 6 .1 4
ii
Spectrum 2 229 29J 525 2 .1 9 1 0 7 .9 4
Spectrum 1 9 1.55 2 .9 4 943 1 07 .68
iii Spectrum 2 89.1 22 0.3 1.09 0 .4 0 .9 1.24 0 .49 128 12936
Spectrum 3 224 51 .9 2 5 .4 7.2 0.8 107 .73
Spectrum 1 12.4 2.14 0.92 0 0.5 963 11 2 .7 4
iv
Spectrum 2 2.5 36.05 0 .37 6 1 .4 2.06 10232
V Spectrum 1 56.6 4&7 6.07 0.91 0 .2 7 0 .27 1.25 39^ 1 53 .74
vi Spectrum 1 70.1 39.9 4.67 1.1 0.67 4 7 .9 164 .4
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Pipe 6
m >
\h
Electron  Im age 1 E lectron  Im age  1
100(jm ‘ E lec tron  Im age 1 lOOpm ' E lec tron  Im age 1
Figure A3.6 EDX area and spot analysis of a sample from Pipe 6 
Table A3.6 Elemental analysis of a specimen taken from Pipe 1 (Figure A3.6), all results in weight%
Site of 
interest Spectrum C O Si P S Mn Fe Mo Total
i
Spectrum 1 5 4 .3 7 03 9 0 3 7 0.62 9 1 .2 147 .45
Spectrum 2 7.22 1.4 038 100 .56 109.86
Spectrum 3 1.99 35.09 6035 28 4 1 0 1 .8 7
ii
Spectrum 1 26.65 1.06 0 .7 7 1.5 9834 0 .9 128.91
Spectrum 2 11.3 6.41 0 .49 038 13.52 2838 4 7 .7 10 8 .0 7
Spectrum 3 1.62 3285 6 2 .1 4 23 2 1 0 1 .9 4
iii
Spectrum 1 5 4 .73 0 .9 7 038 0.6 9236 1 4 8 .9 4
Spectrum 2 335 0 .4 4 3 5 .5 7 6 0 .7 7 2.48 102 .8
Spectrum 3 2292 13.07 0 3 7 038 03 4 8539 1 24 .18
iv Spectrum 1 4936 42.05 2 3 4 0 .3 7 0 3 4 5 0 .7 2 1 46 .48
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Pipe 7
■
iii
6Ô
IV
Figure A3.7 EDX area and spot analysis of a sample from Pipe 7 
Table A3.7 Elemental analysis of a specimen taken from Pipe 1 (Figure A3.7), all results in weight®/©
Site of 
interest Spectrum C O Si P S Ti V Mu Fe Nb Total
i
Spectrum 1 2.63 95.99 98.63
Spectrum 2 2.71 0.51 338 16.61 0.41 3 1 .7 9 4 1 .8 9 9 7 .7
Spectrum 3 236 100.8 103 .64
Spectrum 4 3.02 233 1.53 038 96 .01 102 .97
ii
Spectrum 1 2 .43 1.96 1.78 92 .61 9837
Spectrum 2 11.9 1.64 1.6 0.43 88.69 1 04 .26
Spectrum 3 15.01 1.83 0.35 846 4 .2 773 107 .66
iii
Spectrum 1 2 .4 6 1.48 4 .1 7 923 100.31
Spectrum 2 22.78 5 4 .4 6 2 1 .3 3 338 1.5 1 03 .79
Spectrum 3 1.95 2 .34 0.31 954 100 .49
iv
Spectrum 1 2 .1 6 237 9 5 .1 6 99.69
Spectrum 2 2.51 1.31 5.3 039 9138 100 .8
Spectrum 3 3.65 1.87 1.45 062 0 .6 7 9348 102 .23
V
Spectrum 1 28.6 634 4.61 1.2 0.62 5 1 .7 9 9749
Spectrum 2 6J 6 29.6 7.78 3.64 0 .27 49.02 97.11
Spectrum 3 2J9 14.52 0.5 80.03 9734
vi
Spectrum 1 1^2 1.59 333 9333 1 00 .26
Spectrum 2 11.1 2&7 2 .17 2.4 032 0 .48 035 68.01 105.71
Spectrum 3 59J4 393 3.4 033 032 039 4 1 .8 6 145 .12
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Electron Im age lOûum Electron Im age 1
Electron im age Electron Im age 1
Figure A3.8 EDX spot analysis of a sample from Pipe 8 
Table A3.8 Elemental analysis of a specimen taken from Pipe 1 (Figure A3.8), all results in weight®/©
Site of 
interest Spectrum C Si P S Ti V Cr Mn Fe Total
i
Spectrum 1 1.76 243 139 0 .7 6 9L78 9932
Spectrum 2 236 3 .1 4 1.44 0.8 8938 9733
Spectrum 3 2236 032 3148 40 .7 3 0.91 0 .62 535 10 2 .0 6
11
Spectrum 1 5 .27 3 .4 0.31 0 .5 5 9 1 .9 5 101 .49
Spectrum 2 1.96 3 .05 0 .7 7 0 .9 4 9 1 .0 7 9 7 .7 9
Spectrum 3 2 4 .1 7 0.91 394 13.02 2567 103 .66
Spectrum 4 1.7 239 033 0.7 9 1 .5 3 9635
iii
Spectrum 1 1.79 338 0.73 9 4 .0 3 100 .12
Spectrum 2 2.11 348 1.24 0.55 93J6 10 0 .1 4
Spectrum 3 12.56 247 1.17 0 .6 7 92.77 110 .15
iv
Spectrum 1 6.51 30 .11 5 .9 6 4 .9 7 0 .4 9 0 .45 0 .6 4 4 7 .7 7 9639
Spectrum 2 17.41 30 .4 6 543 5.8 0 .3 4 0 .3 4 0 .6 4 50 .41 110.41
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Pipe 9
Electron Im ago •
Figure A3.9 EDX area and spot analysis of a sample from Pipe 9 
Table A3.9 Elemental analysis of a specimen taken from Pipe 1 (Figure A3.9), all results in weight%
Site of 
interest Spectrum B c O Si P S Cl Ca Mn Fe Mo Total
i
Spectrum 1 2 .13 1.13 0^5 1.17 92.66 9 7 .6 4
Spectrum 2 2 .31 1.48 0.68 9 3 .0 4 9732
ii
Spectrum 1 3jW 0^6 0^2 3.2 6 .6 6 8 3 .1 4 98 .51
Spectrum 2 4.11 1 1.32 1.24 9&9 9836
Spectrum 3 17.; 3 .6 2832 5833 2 .2 6.7 117 .02
iii
Spectrum 1 2.41 1.58 0.9 93.69 9839
Spectrum 2 ISA 27.93 563 4 .5 3 6.6 116 .35
Spectrum 3 2 .7 4 1.32 0 .95 92.25 9735
iv
Spectrum 1 26.93 37 .4 1.15 036 1.65 4 9 .6 7 117 .13
Spectrum 2 4 .4 32.2 2^3 039 1.62 53.35 9 4 .6 6
V
Spectrum 1 3^3 32,7 0^7 0 .35 1.2 58.33 9732
Spectrum 2 23.09 40 .2 2J5 039 037 5 1 .5 6 118 .83
vi Spectrum 1 5J3 32.5 2 .07 039 033 039 033 0 .6 6 5 3 .4 7 9 6 .0 4
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Appendix 4 CSD drawing of the cutter
UNIVERSITY of SURREY
90 deg. 'Notch' Cutter
90
0  25.4
Ü.
o
3 .2 5 m m  0 .1 2 5 '
Preferably Carbide tipped teeth. 
HSS as seeond choice
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Appendix 5 Technical specification of the crack propagation gauges used in monitoring
the crack growth
Crack Propagation Patterns
Vishay Micro-Measurements
Special U se S en sors - Crack Propagation S ensors
VISHAY.
CPA. CPB CPC CPD
GAGE PATTERN 
AND DESIGNATION
RoHS
co*Puwn
TK-09-CPB02-005i'DP
TK-09-CPA01-005.00
TK-09-CPA02-005.00
TK-09-CPO)3-OOSOP
TK-09-CPD01-NRAOP
NOMINAL 
RESISTANCE 
IN OHMS
110
DIMENSIONS
0.25
6-4
0.50
12.7
0.10
2.5
MATRIX
Length
0.56
142
Ten Grid Lines — 0.010 in (0.25 mm] between centerlines.
0.50
12.7
1.00
25.4
0.20
5.1
1.08
27.4
Twenty Grid Lines — 0.010 in [025 mm] between centerimes
1.00
25.4
2.00
50.8
0.40
10.2 52.8
Twenty Grid Lines — 0.020 in [0.51 mm] between centerlines
0.70
17.8
0.75
19.1
1.57
39.9
0.80
20.3
Twenty Grid Lines — 0.080 in [2.03 mm] between centerlines
0.75
19.1
1.00
25.4
1.00
25.4
1.11
28.1
Twenty Grid Lines — 0.050 in [1.27 mm] between centerlines
Width
0.16
4.1
0.28
7.1
0.48
12.2
1.62
41.1
1.11
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Appendix 6 «-Applets of the specimens from Pipes 1-3 and 9 along with the raw data for 
each plot
18,0-|
17 .5-
17.0-
16.5-
E 16.0-
E
(0 15.5-
15.0-
14.5-
14.0-
Model 
Equation
Reduced Chi-Sqr 
Adj. R-Square
ExpGrow2
y = yO + A1*exp((x-xO)/t1) + A2*exp((x-x0)/t2)
Standard Error
yo 14.19257 0.09711
xO 32958.60778 7.45346E8
A1 0.63276 532062.6523
11 886.41479 116.90889
A2 1 45034E-8 014316
12 75.508 44.89783
Pipe 1 Sample B
— 1----------------1-------------1 1------------ 1 1------------ 1 1------------1 1------------1 1------------ 1 1-----
31000 31500 32000 32500 33000 33500 34000 34500
N (C ycle)
N/cycle
31300
32140
32860
33130
33500
33600
33730
33870
34040
34060
34160
34200
34250
34270
a/mm
14.25
14.5
14.75
15
15.25
15.5
15.75
16
16.25
16.5
16.75 
17
17.25
17.5
Figure A6.1 Plot of crack length as function of number of cycle for a specimen from Pipe I sample B
18n
1 7 -
16
E
E 15
14
13
Model ExpGrow2
Equation
y s y O  +
-xO)A2)
A rexp((x-xO )/t1) + A2*exp((x
Reduced Chi-Sqr
0.01953
Adj. R-Square 0.98943
Value Standard Error
yO -37.50221 930270709
55674.11403 2.99967E9
0.00326 4279.02954
2298.58126 1369,37855
50.40995 294292.88716
514128.47016 9.406C3E7
Pipe 1 Sample D
—1 I I I I I I I I I I I I I I I
58000 60000 62000 64000 66000 68000 70000 72000 74000
N (C ycle)
N /cycle
59100
60600
63620
66300
67550
68630
69530
69730
69950
70310
70570
71070
71400
71845
72050
72150
72300
a/m m
13
13.25
13.5
14.25
14.5
14.75
15
15.25
15.5
15.75
16
16.25
16.5
16.75 
17
17.25
17.75
Figure A6.2 Plot of crack length as function of number of cycle for a specimen from Pipe 1 sample D
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14.0-,
1 3 .5 -
1 3 .0 -
1 2 .5 -
12 . 0 -
1 1 .5 -
11 .0 -
Model
Equation
Reduced
Chi-Sqr
Adj. R-Square
ExpGrow2
y = yO + A1*exp((x-xO)/t1) + A2*exp((x-x0)/t2)
Value Standard Error
yO -76.7355 19192.7405
xO 52310.37277 9.20749E8
A1 87.98431 567579.72742
11 142825.03735 3.10675E7
A2 3.25856E-7 2.76889
12 108.3579 67.01198
52000
Pipe 1 Sample F
52500 53000 
N (Cycle)
— I—
53500 54000
N/cycle a/mm
52040 11
52280 11.25
52665 11.5
52990 11.75
53410 12
53825 12.25
53845 12.5
53885 12.75
53875 13
53905 13.25
53940 13.5
53980 13.75
53995 14.5
54002 15.75
Figure A6.3 Plot of crack length as function of number of cycle for a specimen from Pipe 1 sample F
20 n
1 9 -
1 8 -
E 1 7 -  
E
16
1 5 -
14
Equation
Reduced
Chi-Sqr
Adj R Square
ExpGrow2
y = yO + A1*exp((x-xO)/t1) + A2*exp((x-x0)/t2)
0.0188
0.99185
Pipe 2 Sample C
Value Standard Error
13.80206 0.96615
62558.51951 
2.10331 
11181.81088 5980.5482
6.04309E-7
341.53706 65.92937
54000 56000 58000 60000 62000 
N (Cycle)
64000 66000 68000
N /cycle
55410
55490
57160
60990
61950
62540
64260
65140
66370
66950
67140
67290
67410
67500
67600
67650
67670
67705
67710
a/m m
14.75
15
15.25
15.5
15.75
16
16.25
16.5
16.75
17
17.5
17.75
18
18.25
18.5
18.75 
19
19.25
19.5
Figure A6.4 Plot of crack length as function of number of cycle for a specimen from Pipe 2 sample C
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1 9 -
Model ExpGrow2
y = yO + A1’exp((x-xO)/t1) + A2*exp((x-x0)/t2)
• Equation
1 8 -
Reduced Chi-Sqr
0.04515
1 7 -
Adj. R-Square 0 98522
Value Standard Error
yO 11.43747 0.20296
1 6 - xO 110148.04503
At 0.67083
1 5 -
3 ti 7958.77142 1501.23201
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Figure A6.5 Plot of crack length as function of number of cycle for a specimen from Pipe 2 sample D
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Figure A6.6 Plot of crack length as function of number of cycle for a specimen from Pipe 2 sample E
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Figure A6.8 Plot of crack length as function of number of cycle for a specimen from Pipe 3 sample B
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Figure A6.9 Plot of crack length as function of number of cycle for a specimen from Pipe 3 sample C
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Figure A6.12 Plot of crack length as function of number of cycle for a specimen from Pipe 9 Sample B
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Figure A6.11 Plot of crack length as function of number of cycle for a specimen from Pipe 9 Sample C
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Table A6.1 Obtained Paris constants for all the specimens from Pipes 1-3 and 9
Pipe ParisConstant Sample
A B C D E Mean SD
1 m 7.3
7.7 8.8 6.3 7.2 7.5 0.9
A (mm/cycIe) 3.2E-12 3.2E-12 l.lE-11 2.3E-12 3.9E-12 4.6E-12 3.4E-12
2 m 7.3
9.1 9.5 8.1 6.1 8.0 1.4
A (mm/cycle) 6.8E-12 6.7E-15 2.7E-13 2.1E-13 6.3E-12 2.8E-12 3.5E-12
3 m
7.7 8.2 6.3 7.4 0.9
A (mm/cycle) 2.7E-12 3.3E-15 l.lE-13 9.5E-13 1.5E-12
9 m 8.3
8.1 6.6 7.7 0.9
A (mm/cycle) 2.9E-15 7.1E-14 5.7E-13 2.2E-13 3.1E-13
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Appendix 7 A 3D image taken from fast fractured area of a specimen from Pipe 3
=4''^ 1
m <  3 C : # "
y»
a
rSQOium
Figure A2.10
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Appendix 8 The potentiostatic and EFM parameters obtained by DC polarisation and 
EFM techniques for all the specimens from Pipes 1-3
Table A.8.1 the potentiostatic parameters obtained by DC polarisation technique for the specimens exposed in aerated environment
Ecor
(-mV)
PR
(ohms) Ba (mV/decade) Be (mV/decade)
CR (mm/year)
Pipe Sample
Pipel
1 454 39 . 141 106 0.12
2 478 35 328 201 0.33
3 476 32 353 210 0.37
4 478 62 125 102 0.07
5 477 169 270 244 0.08
6 471 38 162 125 0.15
Average 472 63 230 165 0.19
SD 9 53 100 61 0.13
Pipe2
1 512 33.3 338 172 0.25
2 508 Not obtained 213 187 0.06
3 520 248 505 411 0.07
4 514 370 344 286 0.03
5 527 23 277 166 0.27
6 513 34.9 116 87
Average 516 142 299 218 0.14
SD 7 142 132 113 0.11
Pipes
1 458 38 147 129 0.13
2 460 174 309 282 0.08
3 480 26 109 84 0.11
4 478 20 261 148 0.37
5 461 37 286 178 0.26
6 485 30 220 160
Average 467 54 222 164 0.19
SD 7 59 88 113 0.11
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Table A.8.2 the potentiostatic parameters obtained by DC polarisation technique for the specimens exposed in static environment
Ecor
(-mV)
PR
(ohms) Ba (mV/decade) Be (mV/decade) CR (mm/year)
Pipel
1 691 93 471 251 0.18
2 696 87 418 231 0.11
3 688 89 539 270 0.16
Average 692 90 476 250 0.15
SD 4 4 61 20 0.03
Pipe2
1 696 53 350 228 0.12
2 704 60 312 223 0.11
3 685 47 407 220 0.18
Average 695 54 356 223 0.14
SD 10 7 48 4 0.04
Pipe3
1 685 75 399 242 0.23
2 688 70 400 249 0.14
3 683 80 404 239 0.13
Average 685 75 401 244 0.17
SD 3 5 3 5 0.06
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Table A.8.3 the potentiostatic parameters obtained by DC polarisation technique for the specimens exposed in aerated 3.5% NaCl
environment
Ecor
(-mV)
PR
(ohms) Ba (mV/decade) Be (mV/decade) CR (mm/year)
Pipe 1
1 688 8 56 26 0.18
2 690 10 60 22 0.14
3 688 8 78 32 0.19
4 690 8 59 24 0.16
5 689 26 85 51 0.21
6 688 7 70 28 0.24
7 689 7 70 34 0.33
8 689 8 55 28 0.20
Average 689 10 67 31 0.20
SD 1 6 11 9 0.06
Pipe 2
1 691 5 56 32 0.20
2 691 7 56 33 0.17
3 695 7 49 29 0.13
4 698 9 46 24 0.11
5 702 9 55 27 0.12
6 702 9 55 26 0.16
7 694 8 55 30 0.12
8 703 7 59 31 0.2
Average 697 8 54 29 0.15
SD 5 1 5 3 0.04
Pipe 3
1 698 11 64 23 0.13
2 685 8 61 27 0.13
3 681 8 55 24 0.13
4 688 9 56 24 0.14
5 683 9 57 25 0.14
Average 687 9 59 25 0.13
SD 7 1 4 2 0.01
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Table A.8.4 the potentiostatic and EFM parameters obtained by EFM technique for the specimens exposed in aerated environment
Ba (mV/decade) Be (mV/decade) C2 C3 CR (mm/year)
Pipe Sample
Pipel
1 242 252 1.2 0.7 0.37
2 247 260 1.3 1.0 0.42
3 255 258 0.8 0.7 0.47
4 184 190 1.0 1.0 0.17
5 134 141 1.0 0.7 0.04
6 183 191 0.9 0.5 0.27
Average 208 216 1.0 0.8 0.29
SD 48 49 0.2 0.2 0.16
Pipel
1 266 279 1.1 1.8 0.36
2 84 90 0.7 2.1 0.03
3 128 132 0.6 0.9 0.03
4 210 225 1.0 0.5 0.03
5 294 301 1.4 1.4 0.58
6 361 372 1.9 1.0 0.44
Average 224 233 1.1 1.3 0.25
SD 104 107 0.47 0.6 0.25
Pipe3
1 245 254 oa 1.5 0.37
2 140 149 0.5 0.9 0.04
3 157 165 1.2 0.9 0.31
4 214 220 1.1 0.8 0.54
5 158 164 0.7 1.0 0.24
6 165 171 0.5 0.9 0.30
Average 180 187 0.8 1.0 0.30
SD 41 41 0.31 0.26 0.16
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Table A.8.5 the potentiostatic and EFM parameters obtained by EFM technique for the specimens exposed in static environment
Ba (mV/decade) Be (mV/decade) C2 C3 CR (mm/year)
Pipel
1 130 130 1.0 1.5 0.09
2 135 143 1.0 1.8 0.08
3 112 119 1.1 0.8 0.07
Average 126 131 1.0 1.3 0.08
SD 12 12 0.05 0.51 0.01
Pipe2
1 105 125 0.9 0.8 0.14
2 115 122 1.0 0.9 0.08
3 131 119 0.8 0.8 0.16
Average 117 120 0.9 0.85 0.12
SD 13 3 0.07 0.07 0.04
Pipe3
1 182 198 2.2 1.7 0.12
2 220 232 1.1 0.6 0.155
3 144 162 6.4 1.5 0.09
Average 182 197 3.7 1.0 0.12
SD 38 35 2.8 0.60 0.03
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Table A.8.6 the potentiostatic and EFM parameters obtained by EFM technique for the specimens exposed in aerated 3.5% NaCI
environment
Ba (mV/decade) Be (mV/decade) C2 C3 CR (mm/year)
Pipe 1
1 27 28 0.8 4.0 0.66
2 30 29 1.0 3.5 0.70
3 26 26 0.4 4.5 0.53
4 38 39 0.8 1.8 0.70
5 28 29 1.1 3.0 0.60
6 26 26 0.5 5.0 0.63
7 29 30 2.3 2.7 0.81
8 27 28 0.7 3.9 0.68
Average 29 30 1.0 3.5 0.67
SD 5 5 0.69 1.25 0.09
Pipe 2
1 27 27 0.8 3.5 0.50
2 30 30 1.8 2.7 0.56
3 28 28 0.4 3.9 0.51
4 29 30 1.3 2.8 0.54
5 37 38 0.6 1.9 0.53
6 29 30 1.8 3.3 0.55
7 38 39 0.4 1.8 0.53
8 29 30 1.1 3.5 0.50
Average 31 32 1.0 2.9 0.53
SD 5 5 0.55 0.86 0.02
Pipe 3
1 34 35 1.7 1.8 0.68
2 28 28 0.6 3.5 0.57
3 25 25 0.6 / 4.5 0.52
4 31 31 1.8 2.5 0.61
5 28 29 1.0 3.4 0.61
Average 29 30 1.1 3.15 0.60
SD 10 11 0.60 1.29 0.24
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Appendix 9 Comparison between the main peak diffracted pattern seen in XRD patterns 
of specimens from Pipe 1 and matched library pattern
Da*e-16/11/2009 Time. 12:23:02 R e  P1 AS 10-70 lOmins 1 User Univefsiy ot Surrey
P o sitio n  [*2Tt^ ta]
Sa ia cta d  Pattern: A m m in e Z n c B orane 0 1 -0 7 0 -1 8 8 6
R es id u e  +  P e a k  LIA
I I  1
'   ^ T "  ]  ' 1 ! !
Figure A8.1 XRD peak diffracted pattern from inner most corrosion product of a sample from Pipe 1 after 15 months exposure to
aerated water
Page: 1 oi 1
Figure A8.2 XRD peak diffracted pattern from outer most corrosion product of a sample from Pipe 1 after 15 months exposure to
aerated water
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Figure A8.3 XRD peak diffracted pattern from inner most corrosion product of a sample from Pipe 1 after 15 months exposure to
3.5% NaCl
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Figure A8.4 XRD peak diffracted pattern from outer most corrosion product of a sample from Pipe 1 after 15 months exposure to
3.5% NaCI
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Figure A8.5 XRD peak diffracted pattern from inner most corrosion product of a sample from Pipe 1 after 15 months exposure to
static water
QOrX3S.DOee. Fe +3 Ô ( O H )
R w iO u* + P # # k U * t  , .
Figure A8.6 XRD peak diffracted pattern from outer most corrosion product of a sample from Pipe I after 15 months exposure to
static water
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Characterisation of the fatigue properties of cast irons used in 
the water industry and the effect on pipe strength and 
performance
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Abstract. As part of an on going programme to characterise the residual properties and 
understand the failure mechanisms of in-service grey cast iron water pipes, the fatigue crack 
propagation behaviour of grey cast iron sançles has been studied. Specimens were sourced 
from three ex-service pipes. For each pipe the microstructure and conposition were 
characterised and the fracture toughness was determined. The fatigue behaviour was 
investigated in terms of the crack growth rate (da/dN) as a function of the applied stress 
intensity factor range. Clear differences in the fatigue behaviour of the sanples from different 
pipes were observed. The result from these investigations, which indicate that microstructural 
differences play a role in mechanical behaviour, will support the development of asset 
management tools for use in the water industry.
1. Introduction
Cast iron is a material that still has significant usage in the water industry. In the context of the United 
Kingdom, although cast iron pipes are being phased out of distribution and mains systems, a 
significant portion of current pipe networks are still comprised of the aging cast iron infrastructure that 
can be up to 150 years old. This cast iron infrastructure is deteriorating at different rates [1-2], which 
are linked to the geology and other localised conditions. The problem is further complicated by the 
diversity in production quality as well as the range of diameters and wall thicknesses used. In order to 
develop a rehabilitation or replacement strategy for the industry, it is important not only to understand 
the mechanisms by which a pipe can fail, but also to use this understanding to develop tools for asset 
management. In order to better model these mechanisms and their contribution to service failures an 
understanding of the initiation and propagation of cracks is necessary. For example, sub-critical 
cracks could originate from inherent defects present ab initio from casting; be generated during 
installation or arise in service. If this hypothesis is true, any information on the rate of and the factors 
influencing fatigue behaviour is of relevance. The literature regarding the fatigue of gray cast iron is 
limited and inconsistent. These inconsistencies are likely in part to be a consequence of the 
microstructural differences between the gray cast irons used in these studies [3-5]. This is particularly 
relevant as little has been done by way of comparing the behaviour of different types of cast irons 
under the same condition.
In the present work the propagation of fatigue cracks in samples of different classes of cast 
iron were studied in order to investigate the possible role of the microstructure (in particular graphite 
morphology) on the fatigue behaviour of cast iron pipes. The structure of the paper is as follows. In 
the next section the test materials and test methods are described. Following this results are presented
©  2009 lOP Publishing Ltd
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relating to the microstructure and fracture and fatigue behaviour, 
life are discussed.
Finally the implications for service
2. Experimental Methods
2.1 Material characterisation
Samples were sourced from three water mains which had failed in-service. Three plates were taken 
from each pipe and test specimens were machined from these plates. Metallurgical examination was 
carried out to verify that the pipes were a grey cast iron material. Chemical compositions of the 
samples are given in Table 1.
C Si P S Mn V Mo
Pi pel
3.23 2.7 0.6 0.12 0.6 0.08
Pipe2
2.75 2.35 1.2 0.08 0.5 0.1
Pipe3
3.2 2.36 0.3 0.2 0.7 0.05 0.01
2.2 Microstructure characterisation
Samples of the full pipe wall thickness were cut from each pipe, mounted in conducting Bakelite and 
polished following a typical schedule to give a 0.25 pm surface finish. The specimens’ 
microstructures were then studied using a Zeiss Axiophot optical microscope. Initially, the samples 
were studied in the as polished condition; the samples were then etched with 2% Nital (a solution of 
nitric acid in methanol) and re-examined.
Figure 1 Photographs of the plates from pipe3, (a) Showing the extent of graphitisation on the plates, (b) Samples cut from 
the plates
2.3 Fatigue and Fracture toughness testing
A single edge notch beam (SENB) configuration was chosen for fatigue testing. To ensure plane 
strain conditions the ratio of W/B (where B and W are breadth and width) has been chosen according 
to 1 < W/B < 2, whilst the minimum breadth of the specimens was chosen to satisfy the requirement of 
B > 2.5(Kic/oys)‘'- Specimens were obtained in the form of rectangular cross section bars cut from the 
plates of ex-service failed mains. To exclude the effects of corrosion, the specimens were machined to 
remove the surfaces. A notch, nominally 1/3 the width of the specimen was machined into each 
specimen. Fatigue testing was carried out using an Inslron 8511 (servo-hydraulic machine) with an 
automatic data logger. A three point bending method was employed with a cycling stress ratio of 0.1 
and the loading frequency of 10 Hz. At all stages, the requirements of ASTM E647-86a-00 protocol 
were followed. Specimens were pre-cracked prior to testing. A load shedding method was adopted to 
obtain a crack growth rate of the order of 10  ^ and 10“'*’ mm/cycle for pre-cracking and fatigue 
respectively. Initiation and growth of cracks was observed with the aid o f a travelling optical
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microscope. Crack growth was also monitored with crack propagation sensors (CPAOl, VIS HAY 
Measurements Group). A pre-crack was grown, with the maximum cycling load corresponding to AK 
values of 10 MN/m^^, to an approximate length of 2 mm, at which time the test was stopped and 
micro-photographs of the crack were taken in order to determine the exact length of the generated 
crack. The test was continued with the maximum cycling load corresponding to AK values of 8.5 
MN/m'^. A parallel series of experiments were carried out to determine the fracture toughness values 
of the pipes using an Instron 6025 (5500R) with a loading rate of IKN/min and 40% sensitivity. At all 
stages the requirements of ASTM El 820-01 was followed.
3. Results and discussion
3.1 Microstructure analysis
Optical microscopy reveals differences in the microstructures of the specimens taken from different 
pipes. The microstructures of all pipes show a multiphase matrix of pearlite, fenite, and phosphide 
eutectic with different graphite morphology. Microphotographs representing the microstructures seen 
in samples from pipes 1-3 are presented in figure 2. A summary regarding the graphite morphology 
(type, size, and form, with reference to ASTM A247-98) is presented in Table 2.
The edges The mid section
type distribution
size
class
Maximum 
flake size/ 
mm type distribution
size
class
Maximum 
flake size/ 
mm
Pi pel IIV
Between A (Random 
orientation) and B (Rosette) 3 0.3 IIV
Between A (Random 
orientation) and B (Rosette) 2 0.45
Pipe2 IIV A (Random orientation) 2 0.4 IIV A (Random orientation) 1 0.9
Pipe3 IIV B (Rosette) 2 0.4 IIV B (Rosette) 2 0.4
(a)
Figure 2 Digital photo-Microphotographs Representing the Morphology of Microstructure seen in Pipes 1-3 
a: an example of type B ‘rosette’ graphite flake morphology observed at Fipe3, h: detail of a 
c: an example of type A ‘scythe/sickle’ graphite morphology observed at Pipe2, d: detail of c 
e: an example of mixture of type A and type B graphite morphology olvserved at Pi pel, f: detail of e
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3.2 Fatigue results
The result of crack growth rate versus applied stress intensity factor of all sarhples is presented in 
Figure 3. From Figure 3b it is seen that the propagation of cracks in samples from Pipe 3 corresponds 
to relatively higher AK values than for the samples from the other two pipes. This is in agreement 
with the applied AK values for the crack initiation, which were 10.7, 10.2, and 11.4 MN/m'^ for Pipes 
1 to 3 respectively. These differences are likely to be due to the microstructural variation of the 
specimens, which in turn gives rise to differences in the crack growth behaviour of the samples. 
Experimentally obtained values for fracture toughness also show a variation. The mean fracture 
toughness values of pipes 1-3 were 15.4, 15.1, and 16.1 MPa/m^ ^^  respectively.
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Figure 3 Fatigue crack growth rate of samples from pipesl-3. (a): as a function of AK, (b): as function of AK/AKc
Figure 4 presents micro-photographs taken during fatigue testing. From Figure 4a-b, a 
tendency for interlamellar propagation of the crack as well as crack branching phenomena at the low 
stress intensity factor regime is observed. The crack growth mechanism seems to vary throughout the 
fatigue life. At the early stage of the crack development, where AK value is near the threshold, the 
crack follows a preferential path induced by coalescence of the graphite flakes, which act as foci for 
stress concentration. As the crack grows, crystallographic slip directions seem to be favoured. The 
mechanism of the crack growth can still be described as the coalescence of the graphite flakes but this 
time via an intergranular induced path. At this stage, as AK increases - and so the crack tip plastic 
zone becomes sufficiently large - the formation of cracks parallel to the principal crack on planes near 
the crack tip is observed (Figure 4b-c). Figure 3a-b reveals a fluctuation on the slope of the lines 
particularly in the intermediate regime of AK. This might be due to the structure-sensitive nature of 
crack growth, which depends on the grain size of the controlling phase. The fracture surface of the 
intermediate AK regime is seen to be smoother in this regime than in the higher AK regime (Figure 5). 
When AK increases to a value such that the fracture toughness is approached, the crack starts to grow 
unstably. The crack at this stage is a high energy one and it does not follow a preferential path. As a
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result the crack growth occurs via the coalescence of graphite flakes by either a transgranular or an 
intergranular induced path or some combination of the two.
Crack
arallel cracks
.ytrni,
Figure 4 -Digital-microphotographs taken during the fatigue of Sample 17 pi pel after, (a): 20,000 cycles; crack at an early stage, low 
AK regime, (b): 25,000 cycles an example of the main stream crack branching, (c): 37,500 cycles, example of the initiation of parallel 
cracks as AK increases, (d): 52,500 cycle, an example of graphite flake induced preferential path
&
'  s ®
Figure 5 SEM Fractograplis of sample4 pipe3 (a): Fatigue fractured surface of stable crack growth regime, (b): Detailed of a (c): 
Fatigue fractured surface of near failure (d): Details of c
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4. Application of Paris relation to model S-N behaviour of the pipes
An S-N model was developed from the fatigue experiment data using the Paris relationship. The 
fatigue crack growth behaviour of the material is given by the Paris relation as:
—  =  A AK "  ( 1) 
dN
Where A K  =  — Kj^j^ (2), and A and m are Paris components. The stress intensity factor ,K,
for a SENB bend specimen geometry is given by [6] as:
D C
Where P is the max cycling load, S is the span of the sample, B and W  are the breadth and the width of 
the specimen respectively, and f(a/w) is a fonction of the ratio of the crack length {a) and W and is 
calculated according to:
f ( a ! W )  =  W W )   X [1.99 -  (a / W)(l -  a / W)(2.15 -  3.93a / W + 2.7a" / W " )]
2(l + 2a/W )(l-a/lV)='"
(4)
The Paris constants for the samples were obtained from log(da/dN)-log(AK) plot and averaged for 
each pipe. The number of cycles to failure for each pipe was obtained by using MATLAB to integrate 
numerically the Paris relation for various crack configurations of dW.
da
It is worth emphasising that S-N plots obtained from the integration of Paris equation are 
based on the assumption that pipes already contain initial flaws which are either inherent or arise 
during service Cast iron pipes most commonly suffer from localised corrosion such as corrosion pits. 
These corrosion pits can be regarded as flaws and hence estimating the remaining in-service fatigue 
life of the pipe becomes of great importance. Figure 6 presents two different crack length 
configurations under which the fatigue life modelling was developed. Figure 6a compares a situation 
where the flaw size is of the same order of magnitude as a graphite flake, thus modelling the case of 
an inherent flaw. It is seen that for a relatively low applied stress -  such as normal service loading 
conditions - all three pipes are expected to show a fatigue life of approximately 10 -^10'^  cycles, with 
Pipe 3 showing slightly better performance (this difference is more apparent at higher applied 
stresses). Figure 6b models the situation where the flaw in the pipe is 0.2W (width of the pipe), and in 
this case the larger remaining fatigue life of Pipe 3 is clearer. The model seems to be valid for 
intermediate and low applied stress levels (evident from experimental data) but for higher stress levels 
there are some doubts as to whether the model remains valid.
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Figure 6, S-N model developed for pipe 1-3, a: the flaw size is small (the order of microstructure features) h: the flaw size is large 
(fifth of the width of the pipe)
5. Concluding remarks
Fatigue of grey cast iron pipes shows microstructural dependent behaviour. In the case of grey cast 
iron pipe with graphite flake, morphology o f the graphite seems to be a key parameter in 
characterising this behaviour. Further investigation will consider the environmental effects on crack 
growth mechanisms. Future work will also focus on crack opening displacement and whether this 
will have pronounced effect on the obtained S-N curve.
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1. Introduction
Cast iron is a material that still has significant usage in the water 
industry. In the context of the United Kingdom, although cast iron 
pipes are being phased out of distribution and mains systems, a 
significant portion of current pipe networks are comprised of an 
aging cast iron infrastructure that can be up to 150 years old. This 
cast iron infrastructure is deteriorating at different rates, e.g. [1,2], 
which are linked to the geology and other localised conditions. The 
problem is complicated further by the diversity in production qual­
ity as well as the range of diameters and wall thicknesses used. In 
order to develop a rehabilitation or replacement strategy for indus­
try, it is important not only to understand the mechanisms by which 
a pipe can fail, but also to use that appreciation to develop tools for 
asset management. To better model these mechanisms, and their 
contribution to service failures, an understanding of the initiation 
and propagation of cracks is necessary. For example, sub-critical 
cracks can originate from casting defects present ab initio, may be 
generated during installation or could arise during time in service. 
If these hypotheses are true, then any information on the factors 
influencing fatigue behaviour and the rate of crack growth is of 
relevance.
The literature regarding the fatigue behaviour of grey cast iron 
is perhaps limited given its widespread use; nevertheless stud­
ies have been identified which are of relevance to the current
C orresponding author. Fax: +44 183 6 8 6 2 9 1 .
E-mail address:  d .jesson@ surrey.ac.uk (D.A. jesso n ).
work [3-11 j, a number of which are concerned with fatigue crack 
growth characterisation. Crack growth in cast iron shows a range 
of behaviour, see e.g. [3,4,6,8], consistent with microstructural dif­
ferences between the grey cast irons tested in these studies. In one 
study [4], fracture toughness and fatigue data are presented for 
a number of cast irons and, for one material in particular, crack 
growth under fatigue loading is associated with a higher applied 
stress intensity factor range than for any other cast iron materials 
reported in the literature. To understand whether fatigue is an issue 
in the water industry and to inform asset management, a more sys­
tematic comparison of the behaviour of a representative variety of 
cast irons, over a range of fatigue loading conditions, is required 
than is currently available.
In the present work the propagation of fatigue cracks in samples 
of different types of cast iron was studied in order to investigate 
the role of the microstructure on the fatigue behaviour of cast iron 
trunk mains. The structure of the paper is as follows. In the next sec­
tion the test materials and test methods are described. Following 
this, results are presented relating to the microstructure and frac­
ture and fatigue behaviour, with supporting fractography. Finally, 
the implications for service life are considered, with reference to 
published data for specimens from cast iron distribution mains.
2. Experimental methods
2.1. Range of samples tested
Examples of cast iron pipe, which had failed in service, were 
sourced from four water mains. Details of the nominal pipe diam­
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Fig. 1. M aterial from  Pipe C: (a) Edge v iew  o f  curved  sectio n s o f  typ ical p la tes cu t from  p ip es  (b) Rectangular bars, ~ 3 0 0  m m  in len gth , cu t from  a plate and u sed  to  m ake 
SENB sp ec im en s.
eter and wall thickness are given in Table 1. Three large plates 
(approximately 450 mm x 450 mm) were cut from each pipe and 
the required test specimens were machined from these plates 
(Fig. 1 ) using the methodology described in Sections 2.2 and 2.3.
2.2. Microstructural characterisation
Metallurgical examination was carried out to verify that each 
pipe was a grey cast iron and to determine its microstructure. 
Samples of the full pipe wall thickness were cut from each pipe, 
mounted in conducting Bakelite and polished to give a 0.25 |xm 
surface finish. The micro-structures of the samples were then stud­
ied using a Zeiss Axiophot optical microscope. Initially, the samples 
were studied in the “as-polished” condition: the samples were then 
etched with 2% Nital (a solution of nitric acid in methanol) and re­
examined to determine the area percentage of each phase present 
in the matrix using Zeiss Axiophot image analysis software. The 
chemical composition of each sample was determined using a JEOL 
JXA 8600 Microprobe with an Oxford Instruments Inca system to 
carry out Energy Dispersive X-ray spectroscopy (EDX).
2.3. Fracture toughness testing
A single edge notch beam (SENB) configuration was chosen for 
the fracture testing (Fig. 2). Bars of nominally square cross section 
were cut from the plates so that the span, S (which was parallel 
to the length of the pipe), was at least 100 mm. The full depth 
(wall thickness) of the plates was used to prepare the test sam­
ples, but the specimens were machined to remove the surfaces, 
thereby rendering the samples flat and removing any (surface) cor­
rosion product. The machining reduced the sample depth by up to 
2 mm. A notch, nominally one third of the depth of the specimen 
(i.e. 7-10 mm) was machined into each specimen and fatigue pre­
cracking was then carried out. A load shedding method was adopted 
to obtain a crack growth rate of the order of 10~  ^mm/cycle during 
fatigue pre-cracking and in this way a crack was grown from the
Table 1
D etails o f  th e p ipes in vestigated  in the presen t study.
Nom inal w all th ick n ess  (m m ) N om inal d iam eter
in. m
Pipe A 28 42 1.07
Pipe B 32 30 0.76
Pipe C 22 48 1.22
Pipe D 28 21 0 .5 3 3
w
p/2 I t
S=0.1m
Fig. 2 . S ch em atic  o f  SENB tes t  configuration .
P/2
tip of the machined notch until it extended around 2 mm from the 
tip. Typically it was possible to grow a pre-crack at a cyclic load 
corresponding to AK values of around 10-12 MN/m /^ .^ After pre­
cracking, the test was stopped and photomicrographs were taken 
in order to determine the exact length of the generated crack. Spec­
imens were then loaded to failure in three-point bending in an 
Instron 6025 (5500R) at a loading rate of lOkN/min, following the 
requirements of ASTM El 820-01 throughout. The apparent fracture 
toughness, Kc, was calculated from the critical load, P, correspond­
ing to 5% secant departure from linearity on the load-displacement 
curve according to (see e.g. [12]):
Kc =— / f - ( 1)
In Eq. (1), S denotes the span of the sample, B and W are the 
thickness and the depth of the specimen respectively, and f(a/W) is 
given by:
f ( a / W )  =
3 { a / w f ' ^
2(1 + 2 o /lV ) ( 1  - a / w f ^
X [ 1 . 9 9 -  (o/VV)(1 -  o /W )+ ^ (2 .1 5  -  3 .9 3 a /W  +  2 .7 a /W  +  2 .7 a ^ /W % )
where a is the crack length.
Three specimens were tested from each of the four pipes in 
order to determine the fracture toughness values. The thickness 
of the specimens, 6, varied somewhat (see results), but the ratio of 
WjB was in the range 1 < W/6 < 2, as required by the standard. For 
plane strain conditions, the minimum breadth of the specimens 
should meet the requirement of 6 > 2.5(k'ic/crYs)^  where K|c is frac­
ture toughness and rrys is yield stress. The extent to which this 
condition was met is considered in Section 3.2.
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Table 2
Graphite m o rp h o lo g ie s  o f  th e  cast iron s from  the four p ip es ex a m in ed .
The ed g e s The m id section
Form Type Size class M axim um  flake s ize  (m m ) Form Type Size class M axim um  flake s ize  (m m )
Pipe A VII B etw een  A and B 3 0.3 VII B etw een  A and B 2 0.45
Pipe B VII A 2 0 .4 VII A 1 0.9
Pipe C VII B 2 0 .4 VII B 2 0 .4
Pipe D VII B 3 0.3 VII B 2 0 .4
2.4. Fatigue crack growth tests
Fatigue testing was carried out using a servo-hydraulic Instron 
8511 with an automatic data logging system. A three-point bending 
method was employed with a load ratio (R) of 0.1 and the loading 
frequency was 5 Hz, with the requirements of ASTM E647-86a-00 
followed throughout. Specimens were pre-cracked prior to test­
ing (as described in Section 2.3). A load shedding method was then 
adopted to obtain a crack growth rate of the order of 10“  ^mm/cycle 
at the outset of the fatigue tests. To achieve this, a AK value of 
8 - 1 0 MN/m^/2 was required. Initiation and growth of cracks were 
observed with the aid of a travelling optical microscope. Crack 
growth was also monitored with crack propagation sensors (CPAOl, 
VISHAY Measurements Group). Fatigue tests continued until speci­
men failure. The crack length data, as a function of number of cycles, 
were fitted by exponential functions using the mathematical soft­
ware Originpro version 8. This enabled the crack growth rate to be 
determined as a function of crack length and load level (and hence 
stress intensity factor) and so Paris-type plots could be produced.
3. Results and discussion
3.1. Microstructure analysis
Optical microscopy reveals differences in the micro-structures 
of the samples taken from the various pipes (Fig. 3); the graphite 
flake morphologies have been characterised with reference to 
ASTM Standard A247-98. This standard provides classifications for 
defining the graphite morphology of any cast iron according to sev­
eral distinct criteria (type, size, and form): classifications for Pipes 
A-D are presented in Table 2. It should be noted that of the pos­
sible graphite types, only A (Random) and B (Rosette) have been 
observed, although Pipe A has shown a microstructure that is inter­
mediate between these two forms. It is also worth noting that the 
type and form are uniform through the section, but that the size 
varies, usually becoming larger towards the centre. This is con­
sistent with castings with large section thickness. The chemical 
composition, as wt.%, and proportion of phases present (includ­
ing graphite flake), as an area fraction, are shown for each pipe 
in Table 3. The area fractions are average values, determined from 
micrographs such as those presented in Fig. 3b,d,f and h, in which 
the graphite flakes are prominent within the matrix of the cast iron 
microstructure.
The micro-structures from all pipes show a multiphase matrix 
of pearlite, ferrite, and phosphide eutectic with slightly different 
graphite flake morphologies. Note that in the lower magnification 
images of Fig. 3a,c,e and g, the rounded features superimposed on 
the flake structure correspond to various inclusions and a small
amount of porosity in the as-cast material. Porosity may affect the 
strength of the cast iron but arguably will have less effect on the 
fracture and fatigue behaviour investigated in the present work.
3.2. Fracture toughness tests
Fig. 4 shows typical load-crosshead displacement data during a 
fracture toughness test for one specimen from each of the four pipes 
investigated. Fig. 5 shows the associated fracture toughness values 
(based on the load value corresponding to a 5% secant offset) for 
all specimens plotted as a function of specimen thickness (Fig. 5a) 
and normalised crack length (Fig. 5b). The mean fracture tough­
ness values for the samples from Pipes A, B, C, and D were 17.0, 
16.6, 18.1, and 24.3 MN/m /^  ^ respectively. The different (mean) 
toughness values appear to be consistent with the different micro­
structures of the cast irons, specifically the pearlite content; Pipe 
D, which has the highest pearlite content, being the toughest. The 
extent to which these are true, plane strain fracture toughness val­
ues can be explored using the thickness criterion. Taking 150 MPa 
as a representative strength (ays) for cast iron, this criterion would 
require 6 to be > 25 mm when /Cjc = 15 MN/m^ ^^  and >69 mm when 
K,c = 25 MN/m /^ .^ This means that the fracture toughness values, 
for Pipe D in particular, should be viewed with a certain amount 
of caution. It is interesting to note, however, that there is no clear 
trend for any of the materials with either crack length or specimen 
thickness and that the repeated tests give consistent data.
3.3. Fatigue crack growth results
The crack growth rate versus applied stress intensity factor 
range for all specimens is presented in Fig. 6 together with other 
data from the literature: these are generally in good agreement, 
although there are differences which are considered below. From 
Fig. 6, it can be seen that, amongst the cast irons tested in the 
present work, there is variation between samples within the same 
pipe as well as from pipe to pipe. The variation within a given 
pipe material may be associated with the tortuous nature of the 
crack path, which will vary from sample to sample and is a func­
tion of the microstructure. This is discussed in more detail in the 
next section. With regard to the variation from pipe to pipe, there 
is likely to be a role for both the matrix type (pearlite content) and 
graphite content and morphology. Data from Hornbogen [4], which 
are included in Fig. 6, show that crack growth data for a relatively 
tough cast iron with a spheroidal graphite morphology lie to the 
right of data for a cast iron with graphite flake morphology. Collini 
et al. [10] suggest that the threshold stress intensity factor range 
decreases with increasing graphite content. The crack growth data 
from the present work, which are for various flake morphologies.
Table 3
Chem ical co m p o sit io n  and m icrostructural an alysis  o f  the cast irons from th e four p ip es  ex a m in ed .
C (wt.%) Si (wt.%) P(wt.% ) S (wt.%) Mn (wt.%) V (wt.%) Mo (wt.%) G raphite (area %) Pearlite (area %) Ferrite (area %) C em en tite  (area %)
Pipe A 3.23 2.70 0 .6 0 0.12 0.60 0.08 16.5 50 25 8
Pipe B 2.75 2.35 1.20 0.08 0.50 0.09 18 24 .5 4 7 10.5
Pipe C 3.20 2 .3 6 0.35 0.2 0 0.70 0.05 0.01 14 70 10 7
Pipe D 3.01 1.50 0 .4 0 0.08 0.80 0.01 13 81.5 2.5 3.5
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are consistent with the literature in that they appear to place rel­
atively tougher cast irons and/or cast irons with relatively lower 
graphite content (and hence a lower areal density of preferred crack 
paths) to the right. In addition to graphite content, there may also 
be a role for graphite flake morphology in these trends. At a given 
applied stress intensity range, the crack growth rate decreases as 
the graphite content decreases but at the same time the graphite 
flake morphology becomes Rosette (Type B) rather than Random 
(Type A). It seems possible that the Rosette structure might offer a 
greater resistance to fatigue crack growth, by providing local sites 
for crack arrest.
Finally we note that the data in Fig. 6 indicate that in the tougher 
pipes there is stable fatigue crack growth at stress intensity factor 
ranges which lead to a peak stress intensity factor that exceeds 
the fracture toughness data reported in the previous section. It 
is suggested that this is because the 5% offset method leads to a 
value of the fracture toughness which is a reasonable approxima­
tion to a plane strain value, while the fatigue sample is subject to 
increasing dominance of plane stress conditions as the crack length 
increases, and thus can sustain higher apparent stress intensity 
factors.
1 E+OO
Pipe .4
Pipe BI H-OI
Pipe C
E-02
PipeD
.  Ref [3]
I  I E-03
S
S
Ref [4]
E-04 Ref [6]Ï
Ref [8]
I.E-05
I E-06
l.E -07
10010
AA
Fig. 6. Crack g ro w th  rate for sp ec im en s  from  Pipes A -D : (a) da/dN  as a fu n ction  o f  
AK, (b) C om parison w ith  data from  Ref [3,4,6,8].
3.4. Observations on crack growth mechanisms
Fig. 7 presents typical photomicrographs, which illustrate vari­
ous aspects of the crack growth behaviour during fatigue testing 
of a specimen from Pipe A. Examination of these photomicro­
graphs and other images taken from fatigue samples which were 
etched after crack growth testing enables observations on the 
micro-mechanisms of fatigue crack growth to be made. There are 
a number of different mechanisms apparent. At low applied stress 
intensity factor ranges (near the threshold for crack growth), there 
is a tendency for crack branching. Fig. 7a, and for dispersed cracking 
ahead of the crack tip, influenced by the graphite flakes. Fig. 7b.
As the crack continues to grow, the mechanism of crack growth 
can still be described as the coalescence of microcracks forming
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20
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25 30
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Fig. 5 . Fracture to u g h n ess  data for test  sp e c im e n s  from  each  th e four p ip es in v estig a ted  as a function  of: (a) S p ec im en  th ick n ess, B, (b ) N orm alised  crack len g th , a,/W .
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around the graphite flakes, generally along an intergranular path. 
With further increase in crack length, and associated increase in 
AK (and larger crack tip plastic zone), a dominant mode I crack 
is apparent. Fig. 7c. In this region, examination of etched samples 
showed that the crack follows a combination of intergranular and 
transgranular paths. This suggests that the local change in direction 
of the crack identified in Fig. 7d is the result of intergranular crack 
growth, whereas the more planar region of crack growth identi­
fied in Fig. 7d is likely to be transgranular. Given the nature of the 
crack path, both in terms of initiation and subsequent issues with 
branching and similar phenomena observed in Fig. 7, variation in 
Paris crack growth behaviour (within and between specimens) is 
to be expected.
The overall fracture surfaces for all the specimens were macro- 
scopically flat, i.e. the crack grew in a planar manner with respect to 
the original notch. Examining the fracture surface with the unaided 
eye and favourable illumination, it was possible to discern the line 
on the fracture surface corresponding to the transition between 
sub-critical fatigue crack growth and the (catastrophic) fast frac­
ture. Fig. 8a shows one face of the fracture for a specimen from Pipe 
C. Scanning electron microscopy was used to examine the different 
regions of crack growth in more detail. Fig. 8b-e show photomi­
crographs corresponding to sub-critical fatigue crack growth. Fig. 8 
(b,c), and fast fracture. Fig. 8 (d-e). While the images are simi­
lar in appearance, it can be argued that the fatigue region shows 
more flat facets in a manner which is consistent with a greater pro­
portion of intergranular crack path during fatigue crack growth. 
This can be compared to the final failure (fast fracture), which is 
more transgranular. In this latter mechanism the crack does not 
follow a preferential path and hence crack growth occurs via the
Table 4
Paris co n sta n ts  for Pipes A -D , derived  from  ex p erim en ta l data.
Pipe A (x  10  "  m m /cy ck
A 7.5 4 6
B 8 .0 28
C 7 .4 9 .5
D 7.7 2.1
coalescence of graphite flakes by either a transgranular or an inter­
granular induced path, or some combination of the two.
4. Application of Paris relation to model S-N behaviour of 
the pipes
The Paris relation from the fatigue testing was used to develop a 
simple S-N model for specimens from a pipe subjected to a bending 
load. The fatigue crack growth behaviour of the material is given 
by the Paris relation as:
(3)
where
AK = KivtAX -  f^ MIN (4)
and A and m are the Paris constants. The stress intensity factor, K, 
for a SENB specimen geometry was calculated using Eqs. (1) and 
(2) presented in Section 2.3. The Paris constants for the different 
pipe materials were obtained from the relevant da/dN-AK plot and 
averaged for each pipe; the values are given in Table 4. The number 
of cycles to failure, Nf, for each pipe was obtained by using MATLAB
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to integrate the Paris relation numerically from an assumeti initial 
crack length, a,, up to the crack length at which fast fracture occurs, 
Of, calculated on the basis of the measured fracture toughness:
(5)A(AK)
In this way, the S-N plots obtained from the integration of Paris 
equation are based on the assumption that pipes already contain 
initial flaws which are either inherent or arise during service. Cast 
iron pipes most commonly suffer from localised corrosion such as 
corrosion pits. These corrosion pits can be regarded as flaws and 
hence estimating the remaining in service fatigue life of the pipe 
becomes of great importance.
Fig. 9 presents the derived S-N data for trunk mains samples. 
The stress shown on the vertical axis is the nominal peak bend­
ing stress. Results are shown based on two different assumptions 
regarding initial crack length. In Fig. 9a the assumed initial crack 
size is such that aj/W= 0.0125, giving values of Oj in the range
0.275-0.4 mm (for the different values of nominal wall thickness, 
W): this is the same order of magnitude as the graphite flake size 
and is thus representative of an inherent material defect. In Fig. 9b 
the assumed initial crack size is such that aj/W=0.2, giving values 
of Oj in the range 4.4-G.4 mm (for the different values of wall thick­
ness, Wy, this is perhaps representative of a large initial defect (e.g. 
a manufacturing defect) or of the effect of corrosion in service.
Fig. 9a shows that at modest levels of applied stress (75 MPa), 
samples from all four pipes are expected to show a fatigue life of 
approximately 10^-10® cycles and that Pipes C and D perform bet­
ter than Pipes A and B. The same trend of material performance 
is apparent in Fig. 9b, but in this case the lives are considerably 
shorter as a result of the larger assumed initial crack length. In 
summary, the S-N plots show that the effect of the different micro­
structures observed in the present work, which gives rise to the 
Paris behaviour shown in Fig. 6, can translate to an order of magni­
tude or more on the range of residual fatigue lives for an assumed 
initial defect size and stress level.
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Fig. 10 . Com parison o f  th e  pred icted  S-N curves for SENB sp e c im e n s  from  distri­
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In previous work [13], S-N data were presented for ex-service 
cast iron distribution main samples, of nominally 10 mm by 
12.4 mm (full wall thickness) cross-section, tested in three-point 
bending. The Paris law determined in the present work can be used 
to model these data for an assumed initial flaw size. The distri­
bution main samples showed a ‘Class A’ graphite morphology and 
so the Paris relation for Pipe B in the present study was used in 
the model. Further, the sets of distribution mains samples were 
from pipes identified as being in “good condition” (material refer­
ence 830.28), “corroded” (822.14) or “heavily corroded” (822.03). 
For the purposes of the Paris approach, this means that the sam­
ple sets will have different initial flaw sizes. The data from Ref. 
[13] and the results from the integration of the Paris model are 
shown in Fig. 10. The behaviour of the samples in relatively good 
condition (not corroded) can be described reasonably well using 
an initial crack length of 1.0 mm, which may relate to an aspect 
of the microstructure (or minor influence of corrosion), while the 
behaviour of the other samples is captured reasonably well using 
larger defect sizes, 2.8 and 4.3 mm for the “corroded” and “heavily 
corroded” samples respectively, which reflect the effect of the ser­
vice induced corrosion. These dimensions appear reasonable when 
compared with the depth of corrosion apparent from looking at 
the fracture surfaces of samples from these pipes, see Fig. 4 in 
ref. [13]. While these calculations are inevitably approximate, it 
is argued that this demonstrates a degree of consistency between 
the predicted data and those of the literature, giving confidence in 
formulating any fatigue performance assessment tool for the pipes 
based on the microstructural variation (graphite morphology) and 
the associated Paris relation.
This section has demonstrated that the (microstructure- 
dependent) crack growth data can be used to make calculations 
of fatigue life for samples from cast iron water pipes, both from 
trunk mains and distribution mains. The high value of the Paris 
exponent, m, may mean that in practice the role of fatigue crack 
growth in pipes in service is limited, because cracks will not grow 
at any appreciable rate until they are close to being at the critical 
crack length. If this is the case, it follows that the initiation of a crit­
ical defect within a pipe is more likely to be associated with other 
processes, such as ongoing graphitisation.
5. Concluding remarks
The present work has demonstrated that the fracture toughness 
and fatigue behaviour of cast iron used in the water industry shows 
a range of behaviour dependent on the details of the microstructure 
(in particular pearlite content and graphite content/morphology). 
Data have been presented relating to the fracture toughness values 
and the Paris relations for a range of cast irons. Integration of the 
Paris relation has been used to consider the role of defects, specif­
ically those that may arise in service as a result of corrosion, on 
fatigue life and this has been correlated with previously published 
data for laboratory tests on specimens from distribution mains. It 
appears that the growth of defects by mechanical fatigue in isola­
tion may not be a major consideration for the asset management 
of cast iron water infrastructure in comparison to the role of in ser­
vice corrosion in generating defects. A knowledge of actual service 
loadings is required to investigate this further. It is clear, how­
ever, that an important area for further investigation is the role 
of microstructure on the corrosion behaviour.
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Abstract
In order to assess the remaining life of cast iron asset in the water industry, an understanding of the corrosion 
behaviour and underlying corrosion mechanism is necessary. For the present work, grey cast iron samples, with a 
range of microstmctures, were taken from ex-service water mains that had failed in service, have been subjected 
to corrosion testing in test solutions resembling those of the service environment. The corrosion rate of grey cast 
iron pipes in aqueous environment was found to range between 0.1-0.7 mm/year depending on the oxygen level 
and the corrosiveness of the environment. When considering cast irons of different class, microstructural 
features such as ferrite, pearlite, and graphite flakes were observed to be key factors in characterising the 
corrosion rate and corrosion mechanisms in cast iron.
Keywords: Cast iron; Microstructure; Corrosion, Tafel slope, Corrosion potential, EFM
1. Introduction
Cast iron has been used extensively for more than 150 years in many industrial applications 
such as the water industry. As a result, a large proportion of water transport and distribution 
pipes in the UK are comprised predominantly of ageing cast iron pipes which are currently 
being phased out by the introduction of polymer-based materials. This existing cast iron 
network is believed to be deteriorating at different rate [1-4]. The rate of deterioration is 
believed to be linked to the type of cast iron, the geology of the surrounding soil and other 
localised conditions [5]. The problem is complicated by variability in the quality of the 
original pipes, as well as the range in diameter and wall thickness. This ageing network 
requires maintenance and targeted replacement. In order to develop a rehabilitation, or 
replacement, strategy for the water industry, it is important not only to understand the 
mechanisms by which a pipe can fail, but also to use this understanding to develop tools for 
asset management.
It follows from the above that in order to better model the degradation mechanisms of cast 
iron water pipes, and their contribution to service failures, an understanding of the corrosion 
mechanism of the pipes is necessary. It is generally accepted that the deterioration o f a pipe 
reduces its capacity to withstand the service load. Therefore, any information on the factors 
controlling and influencing the corrosion rate is of particular importance. The corrosion 
degradation of cast iron pipes can be considered over times ranging from days, to years and 
decades. Many studies have been carried out to determine the corrosion behaviour of cast 
iron specimens in aqueous environments o f various degree of corrosiveness [6-10]. Most of 
these studies have been conducted within the time-frame of hours and days. Such studies can 
be used to support the investigation of the fracture surface of a failed pipe by providing a link 
between time of exposure and the observed extent of corrosion. In contrast, some studies
have focused on pipes that have been aged in service and investigate the effect of corrosion 
and corrosion pits [2, 11]. These corrosion-initiated defects can act as foci to stresses 
imposed to a pipe. In the case of buried cast iron water pipes it is common to assess the 
condition of pipes based on an estimation of the corrosion rate from pipes age, which in most 
cases is unknown. Hence, it is important to understand how cast iron pipes behave in a range 
of service environments over a longer time scale than hours, days or weeks.
This work therefore focuses on the characterisation of the corrosion behaviour of cast iron 
water pipes and seeks to fill the gap regarding the corrosion rate of the pipes in the absence of 
historical data, when exposed in simulated laboratory test solutions resembling to those of 
service environment. The structure of the paper is as follows. In the next section the 
materials and test methods are described. Following this, results are presented and discussed 
relating to the microstructure, DC polarisation, and EFM. Finally the conclusion and 
implications are presented.
2. Experimental Procedure
2.1 Characterisation of samples tested
Specimens were sourced from three ex-service water mains. Pipes 1, 2 and 3. Details 
regarding the dimension, thickness of the pipes and the plates cut from these pipes can be 
found in a previous study [12]. Three large plates (approximately 450 mm by 450 mm) were 
taken from each pipe and test specimens were machined from these plates (Figure 1).
Figure 1 Rectangular bars cut from three plates used in this study showing various extent of 
graphitisation on specimens, a) Pipe 1, h) Pipe2, c) Pipe3.
Figure 1 shows that the as received pipes demonstrated a range of conditions with a mixture 
of general and more localised corrosion being evident on both the external and internal 
surfaces. General corrosion in this case is considered to be where the depth of corrosion is 
relatively uniform over the width of the specimen, whilst localised corrosion is characterised 
by a region of penetrating corrosion that sits within adjacent regions of almost unaffected 
material. In some cases it is apparent that these two types are intermixed. Pipes 1 and 2, 
Figure 1(a) and 1(b) respectively, are characterised by quite limited general corrosion whilst 
Pipe 3 is more degraded. Figure 1(c), and shows mainly the presence of localised corrosion. 
Typical depths, and widths, of corrosion, and its variation, observed in these pipes are 
tabulated in Table 1.
Table 1 Proportion of specimens showing corrosion mean, pit depth and the pit width measured on
Proportion of 
specimens showing 
corrosion
Pit depth Pit width Approximate 
installation yearMean
(mm)
Standard
deviation
Mean
(mm)
Standard
deviation
Pipe 1 8/10 2 0.5 45 0.3 1923
Pipe 2 4/9 3 0.5 13 1.8 1920
Pipe 3 9/9 9 1.2 117 18.2 1924
Figure 2 shows a more detailed view of the appearance of the corrosion product typically 
encountered. It can be seen to consist of three main regions. Firstly, the apparently 
unaffected original cast iron, secondly a region on the surface which consists of fully 
graphitised material (in which the iron has essentially been removed), and a “transition” 
region between the two. It has been observed that when the pipe samples are first cut the 
presence of this transition zone is not easily visible but after some period of storage in 
laboratory air it becomes delineated by the presence of a reddish/brown surface deposit.
Transition region
Figure 2 View through the section of Pipe 3 showing the three main regions.
It is a general observation that in some cases, e.g. samples of Pipe 3, the layer of fully 
graphitised material can become debonded from the underlying transition zone material. 
Metallurgical examination was carried out using methods established previously [12]. 
Microphotographs representing the microstructures seen in samples from pipes 1-3 are 
presented in Figure 3. A summary regarding the graphite morphology, with reference to 
ASTM A247-98, is presented in Table 2. The chemical composition of the samples was 
determined using Energy Dispersive X-Ray spectroscopy (EDX) and is given along with the 
percentages of the phases present in the micro structure in Table 3.
Table 2 Graphite flake identification (with reference to ASTM A247-98) observed in pipesl-3.
The edges The mid section
Form Type
size
class
Maximum 
flake size/ mm Form Type
size
dass
Maximum 
flake size/ mm
Pipe 1 VII Between A&B 3 0.3 vn Between A&B* 2 0.45
Pipe 2 vn A 2 0.4 vn A 1 0.9
Pipe 3 VII B 2 0.4 vn B 2 0.4
*Where A is “Random orientation” and B is “Rosette” graphite morphology 
Table 3 Chemical composition and average area percentage of phases of the microstructure for Pipes 1-3.
C Si P S Mn V Mo Graphite%
Pearlite
%
Ferrite
%
Cementite
%
Pipe 1 3J3 2.7 0.60 0.12 0.60 0.08 17 50 25 8
Pipe 2 2.75 2JG 1.20 0.08 0.50 0.10 18 25 47 10
Pipe 3 3JW 236 0.30 0.20 0.70 0.05 0.01 13 70 10 7
Ï ' , 9
200 um 100 pm
(c) «22«jiïïi*
m j m -
. r >
200 um
Figure 3 Digital photo-Microphotographs Representii^ the Morphology of Microstructure seen in Pipes 
1-3, a: an example of type B graphite flake morphology observed at Pipel, h: detail of a, c: an example of 
type A graphite morphology observed at Pipe2, d: detail of c, e: an example (rf mixture of type A and type 
B graphite morphology observed at Pipe3, f: detail of e. (Note images a, c, e are rf the unetched surfaces 
and for h, d, f the surfaces have been etched with 2% Nital.)
From Figure 3 it can be seen that images taken by optical microscopy reveal differences in the 
micro structures of the specimens taken from different pipes. The microstmctures of all the 
pipes show a multi-phase matrix of pearlite, ferrite, and phosphide eutectic with different 
graphite morphology.
2.2 Corrosion study: methods
For this study machined sample bars were cut to the nominal size of 35 x 25 mm x the 
thickness of the plates, which were in the range 20 -  30 mm. The samples were then washed 
using 50% acetone, dried, and weighed prior to the exposure to the test solution. The 
experiment was arranged in three sets, running parallel to each other, each resembling the 
assumed environment in which pipes are laid;
1. The first set of specimens represents the scenario where pipes are exposed in static 
water and resembles the condition where an in-service pipe is surrounded by saturated 
soil or ground water.
2. The second set of specimens represents the condition when pipes are constantly 
exposed to flowing, neutral, water (aerated). This is thought to reflect the condition 
often encountered within a pipe carrying potable water.
3. The third set of specimens represents the condition where the pipes are exposed in the 
aerated solution of 3.5% NaCl and resembles the condition where the in-service pipes 
are laid in aerated corrosive environment, e. g. corrosive soil.
Eight specimens from each pipe were used for aerated and three specimens for static 
experiment. The specimens were placed on knife edge nylon bars in three different trays, one 
filled by tap water and the other two exposed to flowing water pumped from reservoir tanks, 
one containing tap water and the other salted water. Figure 4 shows the general arrangement 
used to expose and monitor the specimens in the different test solutions used in this study.
Figure 4 Pictorial representation of the general method of ponding of specimens
Electrochemical measurements were carried out using a computer controlled Gamry PCI4750 
potentiostat. Six month after the commencement of the exposure the open circuit potential for 
each specimen was monitored and recorded at 30 days interval. At the end of a one year 
period of exposure the polarisation curve of the specimens were obtained. The study was 
conducted in a temperature controlled environment (23+1 °C). A saturated calomel electrode 
and carbon rod was used for reference and auxiliary electrodes respectively.
2.4.1 DC polarisation resistance and Tafel plot
Tafel plot and polarisation resistance data was obtained for all samples using a Gamry 
Framework version 5.5 and analysed by a Gamry Echem Analyst version 5.5. Each sample 
was first subjected to a DC polarisation resistance with a scan rate o f 0.25 mV/s over a 15 mV 
potential range. When the open circuit potential stabilised again, a Tafel plot of each 
individual specimen was obtained by subjecting them to cathodic and anodic polarisation with 
the scan rate on 0.5 mV/s on a range of 200 mV potential. The corrosion rate, CR, of the 
specimens was calculated by [13-14]:
C o r r  r a te  ( m m  /  \ e a r  ) =  P s s l P E
Where, M denotes the molar weight, p is the density g/cm \ Z is the number of electron 
involved in the reaction, and Ic<,r is the corrosion current in amperes, and is given by [13-14]:
J _ (ygJCygç)
Where, Rp is polarisation resistance and 6a and 6c are anodic and cathodic Tafel constants 
obtained by taking the slope to the linear part of the Tafel plot.
2.4.2 Electrochemical Frequency Modulation (EFM)
The corrosion rate of the specimens was also calculated by subjecting them to EFM analysis. 
A base frequency of 0.1 Hz was chosen so that the waveform repeats after 10 second. A 
small frequency of 0.2 and 0.5 Hz was chosen in order to minimise the capacitive influence of 
any double layers that might form [15-16]. The EFM technique has the advantage that the 
corrosion rate can be calculated without prior knowledge of Tafel constants. Current density 
and Tafel components also can be found from frequency spectrum of the current response.
3. Results and discussion
Figure 8 presents the photographs taken from the specimens exposed in different test 
environment at six month intervals during the course of the corrosion study. There was little 
difference in the appearance of surface the material from the three pipes over a period 12 
months exposure.
Figure 8 Typical appearance of specimens after 6 and 12 months exposure to a-c). Stagnant water, d-f) 
flowing aerated water, g-i), aerated water with 3.5% NaCl.
Figures 9 present the micrographs taken from specimens exposed in aerated solution, without 
and with sodium chloride, 240 days after commencement of the test exposure. From Figure 9
it can be seen that all three pipes experience some degree of general and localised corrosion. 
That is, the general corrosion is relatively minor in these multiphase grey cast iron specimens 
while localised corrosion seems to be the primary type of degradation. From Figure 9 it is 
observed that the localised corrosion is more pronounced around the graphite flakes and it is 
more severe in Pipes 1 and 3 than Pipe 2. This difference may be attributed to the differences 
in the morphology of the graphite flakes and the microstructure of the specimens [17-22].
200 um
I a» ting
Figure9 microphotographs rf representative specimens from pipel-3 after 240 days exposure to the 
aerated environment a-c, a) Pipel, h) Pipe2, c) Pipe3, and 3.5% NaCl aerated environment e-g, e) Pipel, f) 
Pipe2, g) Pipe3, arrow indicating the depth of localised corrosion
Figure 10 presents the photomicrographs taken from an etched specimen (with 2% Nital) from 
Pipel after 230 days exposure to aerated water.
Cementite
Pearute
t
100 iim200 um
Figure 10 microphotographs (rf a representative specimen from pipe3 after 230 days exposure to the 
aerated environment and etched with 2% Nital, a) 25X magnification, h) lOOX magnification, c) 200X
magnification
Figure 10(a) shows a high magnification view of the material within the “transition” zone of 
Pipe 3. It can be seen that this region is not of a uniform appearance but has a range of 
distinguishable features. Adjacent to the original (unaffected) material (bottom left) there is a 
region with some limited loss of ferrite (a  iron). Moving towards the outer surface there is a 
region of white and dark grey which is a mixture of non-corroding eutectic phases and 
corroding ferrite and pearlite. At the outer edge of this transition zone there is a complete 
wastage of the metal from the outside surface.
Figure 10(b) shows a higher magnification of the region highlighted by the rectangle in Figure 
10(a) and indicates that the more noble phases, such as graphite flakes and eutectics 
(cementite or phosphide eutectic) appear to have formed a galvanic couple with the less noble 
phases in the microstructure such as ferrite and pearlite [17-22]. Having a higher relative 
reactivity ferrite shows a poor ability to passivate when it is coupled with more noble 
materials in the microstructure and pitting is reported to be main type of degradation [22-26]. 
This is consistent with the images taken from the specimens from failed pipes in the as- 
received condition. Figure 11 presents an SEM image taken from the corroded zone of an ex- 
service pipe, which has been aged in service, which confirms that where there is no graphite 
flakes; the other phases corrode in the order of their corrosion reactivity.
Phosphide Eutectic
Pearhte
100 um
Figure 11 SEM images taken from corroded zone of pipel after being in service for decades showing, a) 
Metallic ferrite and pearlite in the matrix corrode in preference to graphite flake and eutectic, h) details of
a
From Figure 12(a) and (b) it can be seen that pearlite and ferrite form a galvanic couple with 
eutectics in the microstructure (phosphide eutectic and cementite) and corrode in preference
to them. In the presence of the graphite however, the surrounding metal corrodes in 
preference to the graphite phase (Figure 11 b).
3.4. DC Polarisation Resistance (PR) and Tafel plot
The results of the open circuit potential monitoring of the specimens exposed in different test 
solution are presented in Figure 13.
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Figurel2 Mean measured potential vs. time curve for Pipesl-3 in different environments.
From Figure 12 it can be seen that the open circuit potential for specimens of all three pipes in 
aerated environment move towards more positive potentials (less anodic) over time, 
indicating that there is on going corrosion that is producing corrosion products that act to limit 
subsequent corrosion. For the specimens exposed to static (anaerobic) conditions the
potentials start at very negative values and remain so over the period of exposure. For the 
specimens exposed in 3.5% solution of sodium chloride the potential does not seem to follow 
a definite increasing trend and it appears to stabilise around -700mv. The average corrosion 
potential for all of the specimens exposed in the aerated tap water experiments after 14 
months was -475, -515, and -467 mV for Pipesl-3 respectively. Figure 12(d). The fact that 
Pipe 2 has a more negative potential than Pipes 1 and 3 indicates that it is less stable 
(thermodynamically), which may reflect the microstructural differences of the pipes observed 
earlier in this study and reported previously by others [17-19]. However, for cast iron of the 
same class the corrosion rate is expected to increase with an increase in graphite and pearlite 
volume fraction. Therefore, it is not unreasonable to attribute the higher polarisation 
resistance of Pipe 2 to its matrix microstructure as it has the lowest pearlite content amongst 
the three pipes in this study.
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Figurel3 Polarisation resistance vs. time for Pipel-3 in different environments
Figure 13 gives the results o f polarisation resistance versus Tafel slopes obtained from 
polarisation scan o f the specimens using Gamry Framework version 5.5. From Figure 13(a) 
and (b) it is seen that Tafel slopes for the specimens exposed in aerated water are not 
consistent and are found to be higher than those reported in the literature [6-10]. This 
suggests that the corrosion mechanism in aerated tap water may be controlled by the diffusion 
of ion species through the existing oxide layer. In the case of the specimens in an aerated 
solution of 3.5% NaCl, the presence o f the chloride ion increases the conductivity of the 
solution and promotes the dissolution of iron. This increases the concentration of iron ions in 
the solution, causing the ions to react with the oxygen at a higher rate. Figure 13(c) shows a 
consistency between the values obtained for Tafel slopes. These values were measured to be 
in the range of 25-29 and 58-61mV/decade for anodic and cathodic process respectively 
suggesting that the corrosion process is controlled by either the cathodic or anodic reaction. 
When comparing it with previously reported values for the Tafel slope for ferrous alloys, 
which range between 46-60, and 50-79 mV/decade for anodic and cathodic slopes [10], the 
difference between these values, for the anodic process in particular, suggests that the 
corrosion of cast iron does not occur by a single reaction. This effect is more pronounced 
when comparing it with the anodic Tafel slopes reported by literature [27], which are in the 
range of 40-60 mV/decade for different ferrous alloys suggesting dissolution of Fe as the 
anodic reaction.
As might be expected the relationship between the measured polarisation resistance and the 
calculated Tafel slope show a reasonable correlation in that the Tafel slope increases with 
increasing polarisation resistance. Figure 13(d).
Figure 14 presents plots o f the potential versus current density obtained from Tafel scan of the 
specimens from each pipe in different test solutions.
From Figure 14 it is seen that specimens of the different pipes exposed to the same 
environment show similar behaviour in the shape of the curve despite of the variation in 
microstructure and corrosion potential and no distinctive pattern is seen between the plots of 
different pipes. It is also seen that a high corrosion rate is expected for the potential greater 
than 20mV anodic to the rest potential for the electrodes exposed to aerated solution of 3.5% 
sodium chloride. For the specimens exposed to tap water, both aerated and static, the high 
corrosion rate is expected at much higher potential anodic to the corrosion potential.
Table 4 summarises the average rest potential, Tafel slopes. Icon polarisation resistance, and 
corrosion rate using the polarisation technique for all of the specimens tested. The corrosion 
rates obtained are consistent and within the range reported in the literature [6-10].
Table 4 Potentiostatlc parameters found by DC polarisation technique for Pipel-3 in different test
solution
E(mV) PR(Ohm fla (mV/decad Bc(mV/decad CR(mm/yeai
Aerated tap water 
after one year
Pipel -0.472 63 230 165 0.188
Pipe2 -0.515 142 299 218 0.122
Pipes -0.467 54 222 164 0.195
Static tap water 
after one year
Pipel -0.692 85 479 251 0.136
Pipe2 -0.695 54 360 222 0.146
Pipe3 -0.686 75 402 244 0.136
Aerated 3.5% NaCl 
after six months
Pipel -0.691 10 61 28 0.180
Pipe2 -0.697 7 54 29 0.152
Pipe3 -0.687 9 59 25 0.135
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Figure# example of potential polarisation curves for pipel-3 in different test solution
3.5 EFM results
Figure 15 is an example of the alternating current response against harmonic and 
intermodulation frequencies response of a sample from the aerated experiment. A summary 
result of the average Tafel slopes and corrosion rate obtained using EFM technique is 
presented in Table 5.
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1.E-06
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0.5 Frequency/Hz
Figure 15 Harmonic and intermodulation frequencies resulting from the basic frequency of 0.2 and 0.5 Hz
Table5 Potentiostatic and EFM parameter obtained by DC EFM technique for specimens from Pipes 1-3 
immersed for 12 months in different test sdution
Ba
(mV/decade
Be
(mV/decade)
CR
(mm/year)
Aerated tap water 
after one year
Pipel 207.6 215.5 0.286
Pipe2 223.7 233 0.239
Pipe3 179.9 187.3 0.303
Static tap water 
after one year
Pipel 123.5 131 0.074
Pipe2 116.9 118.85 0.12
Pipe3 182 197 0.12
Aerated 3.5% Na( 
after one year
Pipel 82.4 84.5 0.69
Pipe2 31 31.6 0.53
Pipe3 29.1 29.7 0.6
From Table 5 the values of corrosion rate obtained by EFM technique are in good agreement 
with literature [6-10] except for those in the chloride-rich environment. The corrosion rate 
obtained by EFM for specimens exposed in 3.5% sodium chloride environment is expected to 
be higher than those obtained by other techniques because the EFM technique is more 
sensitive to changes in corrosiveness of the environment [5-16]. Comparing the corrosion 
rate obtained by EFM in different test solution it is seen that Pipe 1 and 3 appear to have a 
higher corrosion rate than Pipe 2. This may be attributable to the differences in the 
microstructure of these pipes. The reflection of the environment on data obtained using EFM 
leads to a higher prediction of corrosion rate as well as low values of causality factors. In the 
case of a causality factor of 2 or 3, which are means to check the quality of data in EFM, a 
value of less than one (<1) is also consistent with the literature [15].
4. Concluding remarks
• Localised corrosion is the primary type of corrosion degradation experienced in cast 
iron water pipes.
• The general corrosion rate obtained by different technique exhibit similar trends 
although the values of the corrosion rate are different due to the limitations of the 
measurement techniques used.
• The corrosion behaviour of cast iron in aerated tap water is primarily governed by the 
active dissolution of iron, and absorption of OH on the ferrous surface. The dissolution 
rate is expected to increase as the solution becomes more alkaline. Furthermore in
neutral environment the corrosion mechanism appears to be controlled by the diffusion 
of the ion species, while in alkaline chloride solutions, the rate of corrosion is 
controlled by the anodic and cathodic reaction.
• The corrosion rate of grey cast iron pipes in aqueous environment can range between 
0.1-0.7 mm/year depending on the oxygen level and the corrosiveness of the 
environment. When considering cast irons of different class, microstructural features 
such as ferrite, pearlite, and graphite flakes seem to be a key factor in characterising the 
corrosion rate and properties of cast iron.
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Condition assessment of post-service cast 
iron water mains: Factors leading to failure
1- H.Mohebbi, D. Jesson, M.Mulheron, P.Smith, Faculty of Engineering and Physical 
Sciences, University of Surrey, Guildford, Surrey, GU2 7XH, UK 
2 - T ham es W ater Pic, Reading, RG2 ORP, UK
1.Introduction:
T he UK w ater distribution network is predom inantly  com prised  of aging ca s t iron p ipes , which a re  being p h a se d  out by the introduction of the new  polym eric b a s e  material 
p ipes. In M etropolitan London this aging network, which is up to 150 y ea rs  old, com prises 20 ,000 km of distribution m ains and  3 ,000 km of trunk m ains (about four tim es 
th e  radius of the  Earth). The network condition is of concern  a s  le akage  an d  failures a re  potentially costly both from an environm ental perspective  an d  a  safety  point of 
view. A large am ount of w ater is lost th rough leaking distribution m ains ea ch  yea r and  failure can  c a u se  considerab le  Inconvenience. W hen a  trunk m ain fails th e re  is a  
potential for m ajor flooding and  even  loss of life is a  possibility. It is reported  tha t in th e  T ham es W ater region alone c a s t iron trunk main failure ex c e e d s  over 100 even ts  
per year, ev en ts  which Im pose a  g rea t deal of capital loss. T herefore, for th e  w ater industry the ability to predict a  situation in which a  ca tas troph ic  failure m ay occur is of 
g rea t im portance. The problem  is a  very com plex o n e  with different types  of c a s t iron pipe (for th e  m ost part put into serv ice  a t various tim es in th e  p a s t 150 y ea rs  or so) 
sub jec t to different soil condition an d  loading regim es. Previous work a t S urrey [1-2] h a s  fo cu ssed  on understand ing  distribution m ains failure and  developing condition 
a s s e s sm e n t techn iques. T he p resen t work is concerned  with looking a t th e  perform ance of trunk m ains but also  draw ing on th e  distribution work a s  appropriate .
1. Atkinson, K.. Whiter, J.T., Smith. P.A. and Mulheron. M.. 'Failure of small diameter water pipes'. Urban Water. Vol. 4 [2002], 263-271.
2. H M S Belmonte. “Weibull-based methodology for condition assessment of cast iron water mains and its application" fa tgue  and fracture of engineering materials and structure, Vol 31(2008) Issue 5 .370  -  385
2.Materlal characterisation:
First ph ase  of the work w as understanding the nature of 
material we w ere dealing with. P lates from post-service 
pipes, which rep resen t different condition levels, were 
subjected  to optical and electron m icroscopy for material 
characterisation.
2.1. Optical Microscopy (CM):
Optical m icroscopy show s a  m ultiphase matrix and  reveals 
differences in m icrostructures of the specim ens from 
different pipes. T h ese  variations in structurai morphology 
a re  results of different m anufacturing processing or 
p resen ce  of different compositional elem ents.
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2.2. Energy Dispersive Spectroscopy (EDS):
To have an  idea over elem ental composition of the pipe’s  
material a  se ries  of pseudo-quantitative analysis w as 
carried out employing Energy Dispersive S pectroscopy 
(EDS) m ethod. Elemental composition is known to be 
am ongst the factors contributing to microstructurai 
differences.
S.Mechanical properties:
Second p h ase  of the work focused  on characterisation of 
residual m echanical properties of pipes such a s  strength, 
fatigue perform ance, and  fracture toughness. From the 
investigation it s e em s  likely that failure occurs a s  a  result 
of initiation and  propagation of sub-critical cracks 
originating either from inherent defect p resen ted  at the 
time of casting or gen era ted  during installation or arise  in 
service.
3.1.Fatigue:
Fatigue behaviour w as investigated by applying a  cyclic 
load resem bling the service environm ent i.e. ca r  crossing 
the road, and  S-N m odels (stress vs. num ber of cycle to 
failure) were developed from the fatigue results.
b) repeated stre&s cycle model applied
A ( A /r )
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• sample* of plpel-3.
3.2.Fracture toughness (K^):
Fracture tough n ess  (ability of a  materiai to resist 
propagation of cracks) of sam ples from different pipes 
show s a  slight variation in the value but is consisten t with 
the values reported by the literature.
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4.Corrosion characterisation:
The third p h a se  of the study w as understanding the 
corrosion m echanism s and  the  rate  a t which pipes 
corrode. Resembling those  of serv ice environm ents 
different ap p ro ach es  w as taken in order to eliminate any 
possible error. Results from e ach  m ethodology w ere 
com pared  to the m icrophotographs, which w ere taken 
from corroded sam p les  at the end  of the test, to support 
the calculated corrosion rate.
4.1 Linear polarisation and Tafel plot:
Employing DC polarisation technique (cathodic and 
anodic perturbation from their rest potential), sam ples of 
c a s t iron show different corrosion m echanism  in different 
tes t environm ents.
4.2 Electrochemical Frequency Modulation 
(EFM): Corrosive behaviour of the specim ens w as also 
investigated using EFM technique, which is essentially 
applying a  m odulated wave and  analysing the response .
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4.3 Weight loss:
Specim ens w ere retrieved from the tes t environm ent and 
cut in half. O ne half w as sub jected  to weight loss 
m easu rem en ts  using 10%  HCI solution and  the o ther half 
to optical m icroscopy and  X-ray photon spectroscopy.
rophotograph *howit>g th* depth
5: concluding remarks:
Result of investigation from all three phase of the study suggests that cast iron show a microstructural dependent behaviour. In the case of grey cast iron pipes 
microstructure seems to be the controlling factor in characterising its physical and mechanical behaviour. The results from these investigations as a whole will 
help in developing a sound quantitative understanding of the failure mechanisms that can operate in service and to develop a methodology by which the 
significance of the roles played by each factor causing the failure of the pipe is identified. Besides, understanding the mechanism by which these failures occur, 
as well as the factors accelerating the process, such knowledge could be used for the further assessment and evaluation of the condition of in service pipes for 
the targeted replacement in order to optimise the efficiency of the operation.
